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Candida  albicans  is  one  of  the most  important  opportunistic  pathogen  in  humans  that  can  produce 
different  types  of  infections  ranging  from  superficial  to  systemic.  Invasive  candidiasis  is  an  important 




elements against systemic candidiasis  that display a wide variety of mechanisms  to destroy  the  fungus. 








Difference  Gel  Electrophoresis  (2D‐DIGE)  is  a  powerful  analytical  tool  that  allows  us  the  relative 
quantitation  of  protein  and  also  for  detecting  posttranslational  modifications  of  the  protein.  Stable 
Isotope Labeling by Amino acids in cell Culture (SILAC) is a powerful and relatively simple method for the 
accurate quantitation of proteins by mass spectrometry. Phosphoproteomics is the large‐scale analysis of 
protein  phosphorylation  using  mass  spectrometry  (MS)‐based  strategies  to  examine  phosphorylation 








The  aims  of  this  study  are  headed  for  the  identification  and  characterization  of  the  protein  and 







In  the  first  chapter,  the  study  of  the  macrophage  sub‐proteomic  fractions  (cytosol, 
membranes/organelles,  nucleus  and  cytoskeleton)  using  2D‐DIGE  technology was  boarded.  The  results 
obtained  permitted  the  identification  of  important  proteins  that  are  not  easily  detected  in  total  cell 
extracts,  such  us,  mitochondrion  proteins,  a  membrane  receptor,  Galectin‐3,  and  some  ER  related 
proteins.  The  proteins  identified  are  involved  in  the  pro‐inflammatory  and  oxidative  responses,  the 
immune response, the unfolded protein response and in apoptosis. 
In  the second chapter we describe  the proteomic and phosphoproteomic study using SILAC  to quantify 
macrophage proteins and phosphoproteins by mass spectrometry, that allowed us the  identification and 
quantitation  of  53  most  abundant  and  15  less  abundant  macrophage  proteins  in  the  presence  of 
C. albicans and 126 peptides  that showed an  increase and 70 a decrease  in  their phosphorylation  level. 
This  phosphoproteomic  enrichment  contributed  to  the  phosphorylation  databases  in  327  previously 
unidentified mouse protein phosphorylation sites. 
Most  of  the  macrophage  networks  affected  by  the  interaction  with  the  fungus  were  receptors, 
mitochondrial  ribosomal  proteins,  cytoskeletal  proteins,  and  transcription  factor  activators  involved  in 
inflammatory  and  oxidative  responses.  In  addition,  in  previous  works  and  in  the  present  ones,  we 
identified many  proteins  related  to  apoptosis,  both  pro‐  and  anti‐apoptotic.  The  analysis  of  apoptotic 
markers  revealed  that  anti‐apoptotic  signals  prevailed  during  the  interaction  of  the  yeast  in  our 
experimental  conditions  that  intend  to  be  similar  to  physiological  infection  with  respect  to  MOI 
(Multiplicity Of Infection). 
The  last chapter of this Thesis  is the study of the protein differences between human polarized M1 and 
M2 macrophages and between  their specific  responses  to C. albicans using DIGE  technology. This study 
revealed  that  the  most  important  differences  between  both  types  of  macrophages  are  related  to 
metabolic pathways, specifically glycolysis and gluconeogenesis. The analysis has  revealed Fructose 1,6‐
bisphosphatase  (Fbp1), a  critical enzyme  in gluconeogenesis, more abundant  in M1, as a novel protein 
marker  for M1 macrophage polarization. Regarding  the  response  to C. albicans, an M1‐to‐M2  switch  in 
polarization was observed as well as a limitation in Th1 inflammatory responses during the interaction. 
Conclusions: 
The  combination  of  different  proteomic  techniques  (in  gel  and  off  gel,  subcellular  fractionation  and 
phosphopeptides  enrichment)  allowed  us  to  obtain  a  more  complete  map  of  the  protein  networks 
affected by  the  interaction of macrophages and C. albicans. For  this  reason,  the enrichment  in proteins 
from  different  sub‐cellular  fractions  and  in  phosphoproteins  is  a  good  choice  to  study  protein  less 
abundant in the whole proteome that could be crucial for the host fight against the pathogen. 
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The most  important pathways  involved  in the macrophage response to C. albicans are the  inflammatory 
response, the increase in the oxidative stress response and the cytoskeleton rearrangement.  
The interaction with C. albicans seems to inhibit the apoptosis in macrophages. This inhibition might be a 















procesos  biológicos  que  protegen  al  individuo 
frente  a  las  enfermedades  infecciosas  producidas 
por  bacterias,  virus,  levaduras  y  hongos,  aunque 
algunas  sustancias  extrañas  como  toxinas  y 
componentes de estos organismos, son capaces de 
activar  la  respuesta  inmune.  Está  compuesto 
principalmente  por  linfocitos  (T  y  B),  leucocitos, 
macrófagos,  neutrófilos,  anticuerpos  y  citoquinas, 
que componen una  red elaborada y dinámica que 
se adapta en el  tiempo para  reconocer patógenos 
de  forma  más  específica  y  así  responder  más 
eficientemente.  La  respuesta  inmune  frente  a 
microorganismos se clasifica en dos grupos: 
Respuesta Innata 
También  llamada  natural  o  nativa,  es  la  primera 
línea de defensa del organismo y es la más rápida. 
Está  constituida  por  mecanismos  de  defensa 
celulares  y  bioquímicos  que  desencadenan  una 
respuesta rápida frente a las infecciones.  




encuentran  con  los  macrófagos  y  otras  células 
fagocíticas  en  el  tejido  subepitelial.  Estas  células 
reconocen y fagocitan a los microorganismos y son 
capaces de activar células colindantes. 
Las  principales  células  implicadas  en  este  tipo  de 
respuesta son  los macrófagos,  los neutrófilos y  las 
células NK (Natural Killers). 
Respuesta Adaptativa 
También  conocida  como  inmunidad  adquirida  o 
específica,  está  estimulada  por  la  exposición  a 
agentes  infecciosos  o  nocivos  y  aumenta  la 
capacidad  de  respuesta  frente  a  un  patógeno 
determinado.  Las  características  que  definen  este 
tipo de respuesta son  la selectividad hacia un tipo 




entre  patógenos  o  moléculas  muy  similares  y 
responder específicamente frente a ellos. 
El mayor  componente  de  la  respuesta  adaptativa 
son  los  linfocitos  y  sus  moléculas  secretadas 
(anticuerpos). 
1.1. Macrófagos 
Los  macrófagos  son  células  fagocíticas 
mononucleares pleiotrópicas implicadas en un gran 
número  de  funciones  dentro  del  sistema 
inmunitario. Son efectores de la respuesta innata y 
están muy relacionadas, tanto en el inicio, como en 
las  fases  posteriores  de  la  respuesta  adaptativa. 
Además,  son  críticas  en  el  mantenimiento  de  la 
homeostasis  (eliminación  de  células  apoptóticas, 
reparación,  modelación  y    angiogénesis  de  los 
tejidos, etc.) (Mantovani, et al., 2002). 
Están presentes en todos los tejidos del cuerpo y se 
activan  tras  un  estímulo,  produciéndose,  entre 
otras  cosas,  la  síntesis  de  citoquinas 
proinflamatorias  (Plowden,  et  al.,  2004),  a 
diferencia de otras células del sistema inmunitario. 
En ausencia de estímulos,  los macrófagos mueren 
por  apoptosis,  como  balance  de  producción  y 
eliminación  de  células  efectoras  (Celada,  et  al., 
1994). La heterogeneidad de los macrófagos refleja 
una plasticidad y versatilidad de estas células a  la 








común  (célula  madre)  es  conocido  como 
hematopoyesis  (Ogawa,  1993).  Estas  células 
madre,  conocidas  como  stem  cells,  poseen 
capacidad  auto‐regeneradora  y  potencial  para 




en  estado  de  quiescencia  hasta  que  reciben  un 
estímulo  procedente  de  factores  de  crecimiento 
específicos,  como  son  las  citoquinas  y  hormonas. 
Entonces  la  célula madre  experimenta  un  primer 
proceso  de  diferenciación  consistente  en  un 
cambio  por  el  cual  la madre  pierde  su  capacidad 
autorregeneradora y se diferencia a otra célula un 
poco más  especializada  que  su  predecesora  pero 
que aún mantiene su capacidad de diferenciación. 
El  segundo  paso  es  un  proceso  de  maduración 
gracias al cual acabará de diferenciarse en un linaje 
celular  específico  (línea  linfoide,  eritroide  y 
megacariocítica y granulocítica) (Figura 1). 
Figura	 1:	 Proceso	 de	 diferenciación	 del	macrófago. IL,	 interleuquina;	 M‐CSF,	 factor	 estimulador	 de	
colonias	de	macrófagos;	GM‐CSF,	factor	estimulador	de	colonias	de	granulocitos	y	macrófagos;	GEMM‐CFU,	




El  factor  de  crecimiento  GM‐CSF  (factor 
estimulante  de  colonias  de  granulocitos  y 
monocitos)  y  la  IL‐3,  entre  otras,  inducen  la 
proliferación  de  la  línea  celular  granulocítica‐
monocítica. Mientras que, el factor de crecimiento 
M‐CSF  (factor  estimulante  de  colonias  de 
monocitos) no sólo induce la proliferación de estas 
células,  sino  también  su  diferenciación  hacia 
precursores  propiamente  monocíticos 
denominados  M‐CFUs  (unidad  formadora  de 
colonias de monocitos). A partir de este precursor 
M‐CFU  pueden  derivarse  3  vías  distintas  de 
diferenciación:  osteoclastos,  células  dendríticas 
mieloides o macrófagos (Valledor, et al., 1998). 
El monocito es el primer tipo celular que entra en 
la  sangre  periférica,  cuando  estos  entran  en  los 
tejidos y, tras una serie de estímulos, los monocitos 
entran  en  su  última  etapa  de  diferenciación 
mediante  la  cual  adquirirán  ya  la morfología  y  la 
bioquímica  propias  de  un macrófago,  tales  como 
un  aumento  de  tamaño,  un mayor  desarrollo  del 
sistema lisosomal, un incremento de la cantidad de 
enzimas  hidrolíticas  y  en  el número  y  tamaño  de 




tras  la  activación  por  diferentes  estímulos. 
Dependiendo  del  tipo  de  tejido  donde  resida 
reciben  diferentes  nombres:  microglía  (sistema 
nervioso  central),  células  de  Kupffer  (hígado), 
células espumosas  (placa de ateromas), células de 
Langerhans  (piel),  histiocito  (tejido  conjuntivo), 
osteoclastos  (huesos),  células  mesangiales 




Una  vez  en  los  tejidos,  los macrófagos  juegan un 
papel  crítico  en  el  desarrollo  de  la  respuesta 
inmunológica.  La  función  de  los macrófagos  y  su 
morfología  depende  del  tejido  en  el  que  se 
encuentren. 
Los macrófagos en estado basal se encuentran en 
disposición  de  realizar  una  serie  de  funciones  sin 
necesidad  de  ningún  tipo  de  estímulo,  aunque 
muchas  de  éstas  pueden  realizarse  con  mayor 
eficiencia  tras  la  activación  de  la  célula.  Sin 
embargo, para otras  funciones  se  requiere que  la 
célula haya  sido previamente activada para poder 
llevar  a  cabo.  En  general,  los macrófagos  tienen 
funciones homeostáticas que  incluyen  reparación, 
modelación y angiogénesis de los tejidos y proveen 
protección  al  poner  en  marcha  mecanismos 
inmunes  innatos  e  iniciar  el  desarrollo  de 
respuestas  inmunes  específicas  a  través  del 
procesamiento  y  presentación  de  antígenos,  la 




La  fagocitosis  constituye  la  primera  línea  de 
defensa  contra  partículas  extrañas  que  han 
superado  la  barrera  epitelial.  El  proceso  de 
fagocitosis es muy complejo ya que los macrófagos 
son  capaces  de  fagocitar  macromoléculas,  como 
antígenos,  microorganismos  e  incluso  células 
propias  dañadas  o muertas,  como  son  las  células 
apoptóticas.  
Para  discriminar  entre  agentes  infecciosos  y 
propios,  los  macrófagos  han  desarrollado  un 








a  las  dianas  de  estos  receptores,  “patrones 
moleculares  asociados  a  patógenos”  (PAMPs; 
Pathogen‐Associated  Molecular  Patterns) 
(Janeway, 1992).  
Los  macrófagos  reconocen  estos  patógenos  a 
través  de  sus  receptores  de  superficie,  los  cuales 
son  capaces  de  discriminar  entre  moléculas  de 
superficie mostradas por patógenos o por el propio 
hospedador.  La  unión  de  estos  receptores  de 
superficie  con patógenos  conduce  a  la  fagocitosis 
del  mismo,  seguida  de  su  muerte  dentro  del 
fagocito.  




fagosoma  se  acidifica  posteriormente, matando  a 
la  mayoría  de  los  patógenos.  Para  los 
microorganismos  que  resisten  esta  acidificación, 
los  macrófagos  tienen  unos  gránulos,  llamados 
lisosomas,  que  contienen  enzimas,  proteínas,  y 
péptidos que son capaces de mediar una respuesta 
intracelular  antimicrobiana. A  través de una  serie 
de  eventos  de  fusión  y  fisión,  la  membrana 
vacuolar  y  su  contenido  maduran,  fusionándose 
con endosomas tardíos y finalmente con lisosomas 
para formar el fagolisosoma, en el que el contenido 
lisosomal  es  liberado  para  destruir  al  patógeno 
(Janeway, et al., 2005). 
Además  de  fagocitar,  los  macrófagos  también 
producen una gran variedad de productos  tóxicos 
que ayudan a matar al microorganismo fagocitado. 
Las  más  importantes  son  óxido  nítrico  (NO),  el 
anión superóxido (O2‐), y el peróxido de hidrógeno 
(H2O2),  que  son  tóxicos  directamente  para  las 
bacterias y otros microorganismos. El óxido nítrico 
es producido principalmente por la forma inducible 
de  la  NO  sintasa  (iNOS),  el  anión  superóxido  es 
generado  por  una  oxidasa  NADPH  asociada  a 
membrana  celular, en un proceso  conocido  como 
“estallido respiratorio”  (oxidative burst) porque va 
acompañado  de  un  incremento  transitorio  del 
consumo  de  oxígeno  y  es  convertido  por  la 
superóxido  dismutasa  en  H2O2.  Además,  otras 
reacciones químicas y enzimáticas producen otros 
compuestos  tóxicos  a  partir  del  peróxido  de 
hidrógeno, como son, el radical hidroxilo (OH.) y los 




La  interacción  entre  patógenos  y  macrófagos 
tisulares tiene otro efecto importante, la activación 
de  los  macrófagos  para  liberar  citoquinas, 
quimioquinas  (citoquinas  quimoatrayentes),  y 
otros  mediadores  que  establecen  un  estado  de 
inflamación en el tejido y que atraen neutrófilos y 
proteínas  plasmáticas  al  sitio  de  la  infección.  Los 




Los  macrófagos  secretan  un  amplio  rango  de 
citoquinas, quimioquinas, factores de crecimiento y 
enzimas,  en  respuesta  a  patógenos  y  “señales  de 
peligro”.  Más  de  100  factores  diferentes  son 
secretados  por macrófagos  (Nathan,  1987).  Éstos 
incluyen citoquinas (IL‐1, IL‐6, IL‐10, IL‐12, IL‐15, IL‐
18,  TNF‐,  IFN‐  y  ,  TGF‐,  GM‐CSF,  M‐CSF,  y 
factores  de  angiogénesis  como  VEGF), 
quimioquinas CXC (IL‐8, GROα, β y ,  IP‐10, MIP‐1, 
MCP‐1,  ENA‐78),  factores  de  coagulación,  PGE2, 
leucotrienos, especies reactivas de oxígeno (ROS) y 
de  nitrógeno  (RNS),  componentes  del 
complemento,  y  numerosas  proteasas  y  enzimas. 
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La secreción de estos factores depende del tipo de 
estímulo,  del  tipo  de  macrófago  y  de  la 
localización. El  resultado de esta capacidad de  los 
macrófagos  es  que  pueden  crear  y  modular  el 
entorno  iniciador  de  la  respuesta  inmunitaria 
adaptativa (Plowden, et al., 2004). 
La  liberación  de  unas  citoquinas  u  otras  dirige  el 
siguiente paso de  la defensa del hospedador. Por 
ejemplo,  IL‐12  es una  inductora del desarrollo de 
las  células  T  cooperadores  (helper)  tipo  1  (Th‐1), 
además estimula  la producción de  INF‐ por parte 
de  los  linfocitos y células NK,  incrementando así  la 
respuesta  inflamatoria  y  la actividad  citotóxica de 
los  LT  citotóxicos  (LTc)  y  NK.  La  IL‐10  es  un 
inhibidor  de  los macrófagos  y  células  dendríticas 
activadas  y  está  implicado  en  el  control  de  las 






Los  macrófagos  que  han  fagocitado  a  los 
microorganismos,  contribuyen  a  la  respuesta 
inmunitaria  adaptativa  actuando  como  células 
presentadoras de antígenos (APC). 
Para  ello  es  necesario  que  el macrófago  exprese 
moléculas  del  complejo  mayor  de 
histocompatibilidad tipo II (MHC II) y moléculas B7 
en  su  superficie,  lo  que  es  inducido  por  el 
reconocimiento  e    ingestión  de microorganismos. 
Es  decir,  los  receptores  fagocíticos,  de  los  que 
hemos  hablado  anteriormente,  que  reconocen  y 
unen microorganismos  a  la  superficie  celular  del 
macrófago.  Esos microorganismos  son  ingeridos  y 
degradados en endosomas y lisosomas, generando 
péptidos  que  pueden  ser  presentados  por 
moléculas MHC  tipo  II.  Estas moléculas  activan  a 
los  linfocitos T CD4+  (Ramachandra, et al., 1999) y 
transmiten señales que conducen a la expresión de 
moléculas MHC  tipo  II  y moléculas  B7  (Bynoe,  et 
al.,  2005).  Los  antígenos  fagocitados  también 
pueden ser presentados por el MHC tipo I y activar 




Los  monocitos  circulantes  constituyen  un  5‐10% 
del número total de leucocitos en sangre periférica 
en  humanos.  Dan  lugar  a  una  gran  variedad  de 
macrófagos  residentes en  tejidos, pero  también a 
células dendríticas y a osteoclastos. La morfología 
de  monocitos  maduros  circulantes  es  muy 
heterogénea  ya  que  poseen  diferentes  tamaños,  
grados de granularidad y morfología nuclear. En los 
tejidos,  los monocitos se diferencian a macrófagos 
residentes  con  un  fenotipo  determinado  que 
depende  del  microambiente  tisular,  matriz 
extracelular y moléculas de superficie de las células 
adyacentes  y de  sus productos de  secreción. Esta 
cualidad  de  expresar  rangos  de  fenotipos 
morfológicos y funcionales muy amplios contribuye 
a  la gran heterogeneidad de  los mismos  (Gordon, 
2003, Gordon, et al., 2005).  
La  activación  de  los  macrófagos  comprende  de 
alteraciones  morfológicas,  bioquímicas  y 
funcionales que confieren al macrófago activado la 
capacidad de realizar alguna función que no puede 
realizar  el  monocito  en  reposo,  como  matar 
microorganismos,  lisar  células  tumorales  secretar 
mediadores  inflamatorios,  actuar  como  células 
presentadoras  de  antígenos más  eficaces,  etc.  En 
general, la activación del macrófago es el resultado 
de  una  nueva  transcripción  génica  o  de  un 




Puig‐Kroger,  et  al.,  2009).  Los  agentes  más 
potentes en  la activación de los macrófagos son el 
lipopolisacárido  (LPS) y  la  citoquina  INF‐γ, aunque 
también  hay  otros  agentes  como  el  GM‐CSF, M‐










La activación  clásica de  los macrófagos  (CAMs) es 
inducida  por  citoquinas  proinflamatorias  tipo  I 
(IFN‐γ,  TNF‐α),  por  el  M‐CSF,  o  tras  el 
reconocimiento  de  los  PAMPs  (LPS,  lipoproteínas, 
dsRNA,  ácido  lipoteicoico,...)  y  señales  de  peligro 
endógenas.  Juega un papel muy  importante en  la 
protección  frente  a  patógenos  intracelulares,  lisis 
de células tumorales. Los macrófagos así activados 
(CaMΦ o M1) poseen un fenotipo IL‐12alto, IL‐23alto, 
IL‐10bajo  (Verreck,  et  al.,  2004)  y  son, 
consecuentemente,  promotores  de  la  respuesta 
inmune de tipo Th1. Además, estas células ejercen 
funciones  anti‐proliferativas  y  citotóxicas, 
secretando  especies  reactivas  del  oxígeno  y  del 
nitrógeno  (NO,  peroxinitrito,  peróxido  de 
Hidrógeno,  superóxido),  citoquinas 
proinflamatorias  (TNF‐α,  IL‐1,  IL‐6)  (Bonnotte,  et 
al., 2001, Mytar, et al., 1999, Stuehr, et al., 1989) 
cambios  fagolisosomales  y  aumento  de  la 
expresión del MHC  II  y de CD86, potenciando  así 
su  capacidad presentadora de  antígenos  asociada 
con células Th1  (Goerdt, et al., 1999, Katakura, et 





la  IL‐13,  citoquinas  desactivantes  (como  IL‐10  y 
TGF‐β),  el  GM‐CSF,  hormonas,  la  vitamina  D3  y 
células apoptóticas (Goerdt, et al., 1999, Gough, et 
al., 2001). En general,  los macrófagos alternativos 
(AaMΦ  o  M2)  poseen  un  fenotipo  IL‐12bajo,  IL‐
23bajo,  IL‐10alto. No  son  capaces  de  producir NO  a 
partir  de  L‐Arg  ni  de  controlar  el  desarrollo  de 
patógenos  intracelulares.  Poseen  tienen 
aumentada  la  capacidad  endocítica  y  fagocítica, 
hay  un  aumento  en  la  expresión  del  receptor  de 
manosa  (MR)  y  varios  receptores  basurero  o 
“scavengers”  y  quimioquinas.  Todas  estas 
características  le  ofrecen  una  capacidad 
reparadora/autorregeneradora de tejidos.  
La  heterogeneidad  de  estos  macrófagos  anti‐
inflamatorios  los  lleva  a  tener  una  nomenclatura 
diferente. Gordon  y  colaboradores propusieron  la 
restricción  de  la  activación  alternativa  a  los 
macrófagos activados   por  IL‐4 y/o  IL‐13  (Gordon, 
2003). Posteriormente, Mantovani y colaboradores 
utilizaron  la producción elevada de  IL‐10 y  la baja 
producción de IL‐12 para  unificar la nomenclatura 
de M2  (Mantovani,  et  al.,  2004).  Posteriormente, 
se  sugirió  una  subdivisión  del  grupo  entre  M2a, 
M2b y M2c, representando  los estimulados por IL‐
4/IL‐13  (activados  alternativamente  en  sentido 
estricto),  estimulados  por  complejos  inmunes  + 
ligandos de  los TLR, y  los macrófagos   estimulados 
por  IL‐10 (desactivados), respectivamente. De este 
modo,  M2  ejerce  funciones  inmunosupresoras 
selectivas  e  inhibe  la  proliferación  de  células  T 
(Brys, et al., 2005). 
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1.2.  Línea  celular  de  macrófagos  murinos 
RAW 264.7 
Esta  línea  celular  deriva  de  la  línea  celular 
monocito/macrófago  RAW  264.7  obtenida  por  el 
Dr. Peter Ralph (Ralph, et al., 1977), y se diferencia 
de  esta  última  en  que  necesita  la  presencia  de 
lipopolisacárido  (LPS)  para  producir  óxido  nítrico 
(NO), ya que el mero  tratamiento con  IFN‐ no es 
suficiente.  Esta  propiedad  hace  que  su 
comportamiento  sea más  parecido  a macrófagos 
normales  procedentes  de  diferentes  cepas  de 
ratón como por ejemplo C3H/HeN.  
Las  células RAW 264.7 producen una  cantidad de 
nitritos  (metabolito estable de  la  reacción del NO 
con  el  oxígeno  (Moncada,  et  al.,  1991).  Por  otro 
lado, su actividad candidacida es menor que  la de 





utilizado  debido  a  que  la  infección  sistémica  en 
ratones es muy  similar a  la  infección  sistémica en 
humanos,  tanto  en  órganos  afectados  como  en 
gravedad y curso de la infección (Cole, et al., 1989, 
Louria,  1985,  Odds,  1988a,  Papadimitriou,  et  al., 
1986). 




Desde  un  punto  de  vista  taxonómico  C. albicans 




C. albicans  es  un  organismo  diploide  que  se 
reproduce  asexualmente  por  gemación,  (Odds, 
1988a). Hasta hace poco  tiempo,  se  creía que no 
tenía  ciclo  sexual,  sin  embargo  existen  evidencias 
recientes  de  que  el  cambio  fenotípico  blanco‐
opaco regula el programa sexual, siendo las células 
opacas  las  únicas  competentes  para  el 
apareamiento  (mating)  (Miller,  et  al.,  2002).  Hay 
una  diferencia  en  expresión  de  unos  1300  genes 
entre  células  blancas  y  opacas,  incluyéndo  genes 
directamente  implicados  en  la  señalización  del 
apareamiento (Lan, et al., 2002). 
C. albicans  es  un  hongo  polimórfico,  ya  que 
presenta  distintas  morfologías  bajo  diferentes 
condiciones ambientales (Figura 2): 








Las  hifas  son  células  filamentosas  encadenadas 
separadas por  septos o  tabiques.  La  transición de 
levadura a hifa se ve  favorecida por  temperaturas 






sin  producirse  la  separación  por  septos  entre  la 
célula madre y la hija. Parecen células filamentosas 
en  cadenas.  La  formación  de  pseudohifas  se  ve 
favorecida  por  crecimientos  a  pH  5.5  o 
temperaturas de 35ºC. 
Por último,  las  clamidosporas podrían  ser  formas 
de  resistencia  que  se  originan  en  condiciones 
ambientales adversas in vitro, son células de pared 
gruesa,  más  grandes,  redondeadas  y    refráctiles 
que las formas levaduriformes. 
2.1.  C. albicans  como  agente  patógeno 
oportunista 
Las  infecciones  fúngicas  más  frecuentes  son  las 
causadas  por  la  levadura  C.  albicans  y  por  varias 
especies  de  hongos  filamentosos  del  género 
Aspergillus. Otros hongos patógenos han emergido 
en  los  últimos  años,  incluyendo  especies  de 
levaduras como C. glabrata, C. tropicalis, C. krusei, 
especies de Cryptococcus y Trichosporon y hongos 
filamentosos  como  Fusarium,  Rhizopus  y 
Rhizomucor (Richardson, 2005). 
C. albicans    es  comensal  de  humanos  en  tracto 
gastrointestinal, oral y en la vagina de hasta el 60% 
de  la  población  (Odds,  1988a).  Normalmente  no 
ocasiona  problemas,  pero  al  ser  un  patógeno 
oportunista  puede  producir  distintos  tipos  de 
infecciones  denominadas  genéricamente 
candidiasis.  El  término  candidiasis  se  refiere  a 
cualquier  infección  causada  por  especies  del 
género  Candida,  y  aunque  la  especie  C. albicans 
sigue siendo  la más frecuentemente aislada en  las 
infecciones  nosocomiales,  en  los  últimos  años  ha 
aumentado el aislamiento de otras especies como 
C.  tropicalis,  C.  glabrata,  C.  parapsilosis,  C. 
dubliniensis, C. guilliermondii, C. krusei, C.  rugosa, 
etc.    (Gutierrez,  et  al.,  2002, Moran,  et al.,  2002, 
Pfaller, et al., 2006). 
C. albicans  es  responsable  de  la  mayoría  de  las 
infecciones  fúngicas  en  pacientes 
inmunosuprimidos.  En  individuos  sanos  se 
mantiene  un  equilibrio  entre  la  capacidad  de 
invasión  e  infección  de  C. albicans  y  las  defensas 
del hospedador. Sin embargo, cuando existe algún 
tipo  de  inmunosupresión  (enfermos  de  cáncer, 
SIDA o trasplantados), este equilibrio se rompe y se 
pueden producir desde candidiasis superficiales (en 
piel  o  mucosas)  hasta  candidiasis  invasivas.  La 
infección mucosa afecta a las superficies mucosas y 
la  piel,  incluyendo  cavidad  oral,  faringe,  esófago, 
intestinos,  tracto  urinario  y  vagina.  Este  tipo  de 
candidiasis  es  la más  común,  en ocasiones puede  
presentan  un  carácter  crónico,  aunque  en  la 
mayoría  de  los  casos,  suele  resolverse  tras  un 
tratamiento antifúngico. 
La  resolución  de  las  candidiasis  invasivas  se 
dificulta  por  los  importantes  efectos  secundarios 
derivados  de  los  antifúngicos  disponibles,  la 
aparición  de  resistencias  y  la  falta  de  un 
procedimiento  de  diagnóstico  rápido  y  preciso 
(Kontoyiannis,  et  al.,  2002),  siendo  una  de  las 
causas  más  importantes  de  morbilidad  y 
mortalidad  entre  la  población 
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inmunocomprometida  (Enoch,  et  al.,  2006, 
Kullberg, et al., 2002, Pitarch, et al., 2006a, b). 
En  España  la  incidencia  de  las  candidiasis 
sistémicas  ha  aumentado  notablemente  en  las 
últimas  décadas  debido  a  la  concurrencia  de  una 
serie  de  factores,  como  la  terapia  masiva  con 
antibióticos antibacterianos de amplio espectro,  la 
utilización de pautas  inmunosupresoras  intensivas 
en  pacientes  neoplásicos  y  trasplantados,  la 
nutrición  parenteral,  el  empleo  de  prácticas 
quirúrgicas  y  técnicas  terapéuticas  y  diagnósticas 
agresivas,  etc.  (Dixon,  et  al.,  1996,  Peman,  et  al., 
2005, Pfaller, et al., 2007, Tortorano, et al., 2004). 
Cabe  destacar  el  importante  incremento  de 




Los  factores  de  virulencia  son  definidos  de  varias 
formas;  se  definen  como  “todo  rasgo  requerido 
para establecer enfermedad” (Furman, et al., 1983) 
“factores  que  interactúan  directamente  con  las 
células hospedadoras   de mamífero”  (Odds, et al., 
2001)  y  “el  componente  del  patógeno  que  causa 
daño en el hospedador”  (Casadevall, et al., 2001). 
En  este  sentido,  C. albicans  debe  entrar  en 
contacto  con  la  célula  hospedadora,  evadir  el 
sistema inmune, sobrevivir y proliferar en el medio 
ambiente del hospedador y diseminarse a nuevos 
tejidos  para  comenzar  el  proceso  infeccioso.  La 
patogenicidad  de  C. albicans  es  un  proceso 
multifactorial  regulado  por  más  de  un 
determinante  de  virulencia:  capacidad  de 
adhesión,  capacidad  de  inducir  su  propia 
endocitosis,  transición  morfológica,  switching 
fenotípico  y  producción  de  hidrolasas 
extracelulares. Aunque el factor más determinante 
en  las  infecciones  por  C. albicans  es  la  condición 
inmunológica  del  hospedador  (Calderone, et al., 
2001, Mayer, et al., 2013). 
Adhesión 
El  contacto  y  la  adherencia  de  C. albicans  a  las 
células  hospedadoras  son  los  principales  pasos 
durante  la  infección,  siendo  el  determinante 
asociado a  la virulencia más  importante, crítico en 
el  inicio de  la colonización e  infección  (San Millan, 
et  al.,  1996).  C. albicans  presenta  diferentes 
adhesinas  en  la  superficie  celular,  sobretodo, 
manoproteínas  (como  la  adhesina  superficial 
específica  de  hifas,  Hwp1p)  ((Staab,  et  al.,  1999, 
Sundstrom,  1999,  2002),  quitina  (Soares,  et  al., 
2000),  glicoproteínas  de  la  familia  Als  (secuencia 
similar a aglutinina) Als1p y Als5p  (Hoyer, 2001) y 
diversos  receptores  (como  la  integrina  INT1p) 
capaces de unirse a una gran variedad de  ligandos 
del  hospedador  (fibronectina,  fibrinógeno, 
laminina  y  colágeno  tipo  I  y  IV)  (Pendrak,  et  al., 
1995). 
Transición morfológica 
La  transición  morfológica  es  la  conversión  de 
células  levaduriformes  unicelulares  a  la  forma 
filamentosa  (hifa  o  pseudohifa).  C. albicans  tiene 
esta  capacidad  reversible  de  convertirse  de 
levadura a hifa aumentando así su  invasividad. Las 
señales  que  promueven  estos  cambios 
morfológicos  son  variados:  estrés  celular  (Brown, 
1999),  cambios en  la  temperatura de  crecimiento 
de 30ºC a 37ºC y pH neutro en el medio de cultivo 
(Lee,  et  al.,  1975,  Saporito‐Irwin,  et  al.,  1995, 
Shepherd,  et  al.,  1980),  o  crecimiento  en  suero 
hasta ayuno metabólico. Los mutantes que no son 






Rocha,  et  al.,  2001).  Aunque  se  han  encontrado 
lesiones  en  tejidos  infectados  que  solo  contenían 
formas  levaduriformes  (Odds,  1988b)  y mutantes 
hiperfilamentosos  cuya  capacidad  infectiva  está 
bastante  disminuida  (Alonso‐Monge,  et  al.,  1999, 
Laprade, et al., 2002),  lo que significa que tanto  la 




La  producción  de  hidrolasas  juega  un  papel 
primordial  en  la  patogenicidad  de  C. albicans.  Las 
hidrolasas  extracelulares  facilitan  la  adhesión  y  la 
invasión,  también  crean daños en  las  células y en 
las  moléculas  del  sistema  de  defensa  del 
hospedador  (Cunningham,  et  al.,  2004).  Las  tres 
enzimas  hidrolíticas  más  importantes  secretadas 
por  C. albicans  son:  aspartil‐proteinasas  (SAP), 
fosfolipasas  (PL) y  lipasas, aunque  también se han 
identificado  glucanasas  y  quitinasas  que  no 
parecen  estar  relacionadas  con  virulencia  (Hube, 
2002). 
Switching fenotípico 
Pomés  y  colaboradores,  demostraron  que  bajas 
dosis  de  luz  ultravioleta  daban  lugar  a  unas 
colonias rugosas de C. albicans con una frecuencia 
muy  alta  (3x10‐3),  y  que  la  reversión  de  este 
fenotipo al de una colonia normal ocurría con una 
frecuencia  mucho  mayor  (9x10‐4)  (Pomes,  et  al., 
1985).  A  esta  capacidad  de  cambiar 
fenotípicamente para adaptarse rápidamente a los 
cambios ambientales se le conoce como plasticidad 
o  switching  fenotípico.  Afecta  a  la  morfología 
colonial y al tamaño y forma de  las blastoconidias. 
Implica  cambios  en  la  expresión  de  antígenos  de 
superficie, afecta a  la transición  levadura‐hifa, a  la 










C. albicans  (Slutsky,  et al., 1985).  Se ha  visto que 
las levaduras en fase opaca  no filamentan a 37ºC, 
pH  6,7  y  son  más  virulentas  en  infecciones 
cutáneas, mientras que  las  células  en  fase blanca 
son  más  virulentas  en  las  infecciones  sistémicas 
(Kvaal, et al., 1999).  
Formación de biofilms 
Los  biofilms  o  biopelículas  son  comunidades 
microbiológicas estructuradas en las que las células 
se unen a una  superficie y quedan  incrustadas en 
una  matriz  de  polímeros  extracelulares 
tridimensional  (Ramage, et al., 2005). Los biofilms 
de  C. albicans  están  formados por una mezcla de 
células de levadura, pseudohifas y de hifas (Nett, et 




instrumentos  médicos.  Los  más  comúnmente 
infectados  son  las  lentes  de  contacto  y  las 
dentaduras,  aunque  también  los  catéteres 
urinarios y vasculares, prótesis, válvulas cardíacas, 
marcapasos, etc. (Nett y Andes, 2006). 
La  formación  de  biofilms  dota  a  las  células 
características  conformacionales  y  propiedades 
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fenotípicas que son diferentes de sus compañeras 
planctónicas.  La  diferencia  más  notable  es  la 
elevada  resistencia  al  sistema  inmunitario  del 
hospedador  y  a  la  terapia  convencional  (Kuhn,  et 
al., 2004). 
2.3. Tratamiento de las candidiasis 
Como  C. albicans  es  un  organismo  eucariota  y 
comparte  componentes y procesos biológicos  con 
los  humanos,  las  diferencias  entre  los  dos  tipos 
celulares  se  ha  utilizado  para  desarrollar 
medicamentos antifúngicos con toxicidad selectiva 
para  las  células  de  C. albicans.  Los  tratamientos 




el ensamblaje de  los microtúbulos y  la  síntesis de 
DNA, RNA y proteínas (Odds, et al., 2003).  
Debido  a  la  importancia  clínica de  las  candidiasis, 
hay una constante búsqueda de nuevas dianas de 
acción de los fármacos y de mejora del diagnóstico 





Existen  distintos  tipos  de  antifúngicos  para  el 
tratamiento  de  las  infecciones  por  Candida,  con 
mecanismos  de  acción  y  dianas  diferentes,  como 
son  los  azoles  (actúan  en  la  vía  de  síntesis  del 
ergosterol),  polienos  (rotura  de  la  membrana 




En  las  últimas  décadas  las  enfermedades 
infecciosas  se  han  convertido  en  un  importante 
campo en la investigación. Las infecciones fúngicas 
presentan  un  grave  problema  en  la  salud  de  los 
países industrializados, por esta razón el estudio de 
la  interacción  patógeno  hospedador  nos  ayuda  a 
comprender  el  mecanismo  de  acción  de  los 




no  son  los  únicos  determinantes  para  que 
provoquen la infección en el hospedador. Como se 
ha mencionado anteriormente, la patogenicidad de 
C. albicans  va  a  depender  del  equilibrio  entre  los 
factores  de  virulencia  del  hongo  y  el  estado 
inmunológico  del  hospedador,  estableciéndose 
relaciones  complejas  entre el  sistema  inmunitario 
del hospedador y C. albicans que van a determinar 
el desarrollo o no de la infección.  
Tanto  la respuesta  innata como  la adquirida están 
implicadas  en  la  resistencia de C. albicans,  siendo 
necesaria,  en  primer  lugar,  la  intervención  de  la 
respuesta  innata  para  que  posteriormente  se 
produzca  la  respuesta  específica  frente  a 
C.albicans (Calderone, et al., 2002, Romani, 2011). 
3.2.  Respuesta  inmunitaria  frente  a 
candidiasis sistémica 
Tanto  la  respuesta  innata  como  la  adquirida 
regulan  el  control  y  la  resistencia  frente  a  las 






En  el  hospedador  existe  una  primera  línea  de 
defensa  frente  a  la  invasión  microbiana, 
constituida  por  barreras  físicas,  bioquímicas  y 
microbiológicas.  La  superficie  del  cuerpo  está 
protegida  por  epitelios  que  constituyen  una 
barrera  física entre el medio  interno y  los agentes 
patógenos  del  exterior.  En  la  epidermis  se  han 
descrito  diferentes  tipos  de  esfingosinas  activas 
frente  a  C. albicans,  y  se  han  aislado  varias 
proteínas con acción antifúngica, que pueden tener 
un  papel  importante  en  la  defensa  frente  a 
infecciones  fúngicas  cutáneas  (Calderone  y  Gow, 
2002). Además, las mucosas epiteliales secretan un 
fluido viscoso (mucus) que contiene glucoproteínas 
denominadas  mucinas.  Los  microorganismos 
envueltos  por  el  mucus  no  pueden  adherirse  al 
epitelio, y así pueden ser expulsados con el flujo de 
mucus  conducido  por  el movimiento  de  los  cilios 




denominadas  β‐defensinas  que,  en  general,  son 
capaces de  suprimir el  crecimiento de bacterias  y 
de  hongos  a  través  de  distintos  mecanismos 
(Janeway, et al., 2005, Schneider, et al., 2005). Se 
ha descrito que  C. albicans  es  capaz de  inducir  la 
expresión  de  β‐defensinas,  tanto  en  epitelios 
humanos  (Meyer, et al., 2004) como en tejidos de 
ratón  (Schofield,  et  al.,  2004).  Además,  se  ha 




mayoría  de  las  superficies  epiteliales  están 
asociadas  a  una  microbiota  normal  de 
microorganismos  no  patógenos  con  los  que  el 
microorganismo  patógeno  debe  competir  por  los 
nutrientes  y  los  sitios  de  unión  a  las  células.  La 
microbiota  normal  puede  producir  sustancias 
antimicrobianas que previenen  la colonización por 
otros microorganismos patógenos (Janeway, et al., 
2005).  Está  demostrado  que  la  colonización  por 





Cuando  la  levadura ha pasado  las barreras  físicas, 
se  encuentra  con  una  serie  de  mecanismos  de 
defensa  innatos,  incluidas  las  membranas 





La  inmunidad  innata  frente  a  C. albicans  está 
mediada  por  diferentes  tipos  celulares  como 
neutrófilos, macrófagos y células NK que fagocitan 
células fúngicas opsonizadas o no a través de varios 
receptores  (receptores  de  manosa,  del 
complemento  y  de  fragmentos  Fc  de  las 
inmunoglobulinas) (Figura 3). 
La destrucción de formas levaduriformes e hifas de 
C. albicans  por  macrófagos  y  neutrófilos  incluye 
mecanismos  oxidativos,  como  la  producción  de 
óxido nítrico  (NO)  (Romani, et al., 2001), como se 
ha comentado en apartados anteriores. El estallido 
respiratorio  produce  modificaciones  en  las 
proteínas  del  hongo  y  rompe  ácidos  nucleicos, 
entre  otros  efectos  (Mansour,  et  al.,  2002). 
Además de    los mecanismos oxidativos, podemos 
encontrar  otros  mecanismos  no  oxidativos  que 
implican  la acción de diversas enzimas para matar 
a  los microorganismos  patógenos  (Reeves,  et  al., 
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2002). Algunas de estas enzimas son la catepsina G, 
la  lisozima  y  la  lactoferrina.  A  diferencia  de  la 
activación de  los neutrófilos,  la de  los macrófagos 
por diferentes citoquinas  (IFN‐, M‐CSF y GM‐CSF, 
IL‐1)  es  necesaria  para  su  actividad  anti‐Candida. 
De  estas  citoquinas,  el  IFN‐  es  considerado  un 
excelente  estimulador  de  la  capacidad  de  los 
macrófagos  para  destruir  a  C.albicans  (Vázquez‐
Torres, et al., 1997).  
Las  células  dendríticas  (DCs)  son  capaces  de 
fagocitar  células  de  C. albicans  (Romani,  2004), 
aunque  su  función  principal  es  la  de  inducir  una 
respuesta  inmunitaria  específica,  no  tienen  la 
función  de  eliminar  al  patógeno.  Las  DCs  actúan 
como  células  presentadoras  de  antígenos  (APCs). 
Estas células destruyen a  las células de C. albicans 
fagocitadas  mediante  mecanismos  no  oxidativos 
similares  a  los  utilizados  por  macrófagos  y 
neutrófilos, aunque  la  formación ROS y RNS no es 






Existe  un  gran  número  de  proteínas  plasmáticas 
que  reaccionan  entre  sí  para  opsonizar  agentes 
patógenos produciendo así una serie de respuestas 
inflamatorias  que  facilitan  la  lucha  contra  la 
infección.  Estas  proteínas  forman  el  sistema  del 
complemento,  que  produce  una  respuesta  rápida 
frente  a  un  estímulo,  esta  fenómeno  se  ve 
amplificado por una reacción en cascada (Janeway, 
et al., 2005).  
Además  de  estas  opsoninas,  existen  otras 
moléculas  que median  la  inmunidad  innata  como 
son,  proteínas  de  unión  a  manosa,  colectinas  y 
defensinas (Romani, et al., 1998). 
Respuesta adaptativa 
En  mamíferos,  la  respuesta  inmunitaria  innata 
generada  en  los  tejidos  periféricos  suele  ser 





Las  células  T  desempeñan  un  papel  central  en  la 
regulación  de  la  respuesta  inmunitaria  frente 
C. albicans mediante la secreción de citoquinas que 
controlan  el  desarrollo  y  la  actividad  de  los 
efectores inmunitarios.  
De  las poblaciones de  linfocitos  T descritos,  los  T 
CD8+  tienen  actividad  citotóxica  y  los  T  CD4+, 
secretora  de  citoquinas,  son  un  arma  muy 
importante  en  la  defensa  frente  a  las  infecciones 
fúngicas,  ejerciendo  los  T  CD4+  un  papel  muy 
importante en  la resolución de  las  infecciones por 
C. albicans. 
Está  descrito  que  en  la  respuesta  inmunitaria 
frente  a  diferentes  hongos  una  respuesta  Th1, 
caracterizada  por  la  producción  de  IL‐12,  IFN‐γ, 






TNF‐α,  está  relacionada  con  la  resistencia  a  la 
infección,  la  IL‐12  favorece  la  inmunidad mediada 
por  células,  mientras  que  una  respuesta  Th2, 
caracterizada por la producción de IL‐4, IL‐5, IL‐13 e 
IL‐10, se relaciona con una mayor susceptibilidad a 
las  infecciones  fúngicas,  una  disminución  de  la 
capacidad  fungicida  y  alergia  (Huffnagle,  et  al., 
2003). Las citoquinas producidas por las células Th1 
activan  a  las  células  fagocíticas  favoreciendo  la 
eliminación  de  C. albicans,  mientras  que  las 
citoquinas que provienen de células Th2 inhiben el 
desarrollo  de  una  respuesta  Th1  y  por  lo  tanto 
desactivan  las células encargadas de  la  fagocitosis 
(Romani, 2011).  
Además  de  una  adecuada  respuesta  Th1/Th2  es 
necesaria  la  aparición  de  células  T    CD4+  CD25+ 
reguladoras  (Treg),  las  cuales  en  respuesta  a  la 
presencia  de  IL‐10  producen  más  IL‐10  y  TGF‐β, 
que básicamente  conducen  a una disminución de 
expresión  de  moléculas  del  CMH  de  tipo  II,  y 
respuesta  de  inhibición  de  la  proliferación  de 




la  patología,  así  como  la  capacidad  de  la 
permanencia  del  microorganismo  en  el 
hospedador.  La  inducción  de  las  células  Treg 
durante  la  candidiasis  requiere  la  secreción de  IL‐
10 por células dendríticas en  respuesta a micelios 
del hongo, e  implica  la participación de  los TLRs y 
de la molécula B7 (Montagnoli, et al., 2002, Netea, 
et al., 2004, Romani, et al., 2006). 
Finalmente,  se  ha  descrito  un  perfil  Th17  el  cual 
responde  al  influjo  de  IL‐23  produciéndose  IL‐17, 
relacionándose  con  una  patología  inflamatoria 
crónica  además  de  con  la  disminución  en  la 
eliminación  del  hongo.  El  linaje  Th17 que  secreta 
IL‐17,  está  adquiriendo  importancia  (Palm,  et  al., 
2007,  Romani,  et  al.,  2007).  El  desarrollo  de  las 
células Th17 ocurre en presencia de TGF‐β e  IL‐6, 
es  inhibido  por  citoquinas  Th1  y  se mantiene  en 
presencia  de  IL‐23,  citoquina  producida  por  las 
células  dendríticas  en  respuesta  a  una  elevada 
carga  fúngica.  La  IL‐17  induce  la  producción  de 
quimioquinas en los sitios de infección y provoca el 
reclutamiento  de  neutrófilos.  Se  ha  comprobado 
que  ratones deficientes en el  receptor de  la  IL‐17 
son más  susceptibles que  los  ratones  control  a  la 
candidiasis sistémica, lo que puede atribuirse a una 
menor  llegada  de  neutrófilos  a  los  órganos 
infectados (Huang, et al., 2004). Recientemente, se 
ha  descrito  que  la  vía  Th17  se  desarrolla  en 
respuesta  a  C. albicans  (Acosta‐Rodriguez,  et  al., 
2007, LeibundGut‐Landmann, et al., 2007) y que la 
IL‐23  y  la  vía  Th17  actúan  como  reguladores 
negativos de la resistencia inmunitaria Th1 frente a 
C. albicans (Zelante, et al., 2007).  
La  forma  en  que  en  el  tiempo  se  desarrollan  y 
participan  cada  una  de  estas  subpoblaciones  de 
linfocitos  Th  (Th1,  Th2,  Treg,  o  Th17)    define  la 
capacidad  fungicida  de  la  respuesta,  y  el 
predominio  de  una  u  otra  respuesta  está 
directamente  relacionado  con  el  desarrollo  y 
gravedad  de  la  infección.  En modelos  de  ratones 
experimentales  de  candidiasis  invasivas,  la 
protección  se  relaciona  con  la  aparición  de  una 
respuesta inicial y predominante tipo Th1 (Puccetti, 
et al., 1994, Romani, et al., 1992a, Romani, et al., 
1993,  Romani,  et  al.,  1992b)  , mientras  que  una 
respuesta  Th2  inicial  está  asociada  con 
exacerbación  de  la  enfermedad  (Romani,  et  al., 
1992a,  Romani,  et  al.,  1994,  Spaccapelo,  et  al., 
1995).  Sin  embargo,  el  papel  de  células  Th17  es 
controvertido,  la  vía  Th17  puede  promover  la 





ser  la  responsable  de  respuestas  inflamatorias 





Desde  hace  unos  años  se  ha  relacionado  la 
respuesta humoral a  las  candidiasis  invasivas,  con 
diferentes  mecanismos:  actividad  candidacida 
directa  (Polonelli,  et  al.,  1994),  inhibición  de  la 
adhesión  (Han,  et  al.,  1995,  Scheld,  et  al.,  1983, 
Umazume,  et  al.,  1995,  Vudhichamnong,  et  al., 
1982),  favoreciendo  la  fagocitosis  mediante 
opsonización  (Chilgren,  et  al.,  1968),  unión  a 
polisacáridos  inmunomoduladores  (Fischer,  et  al., 
1978),  neutralización  de  proteasas  extracelulares 
(Cassone,  et  al.,  1995)  e,  incluso,  inhibición  de  la 
transición dimórfica (Casanova, et al., 1990).  




eso  es  muy  importante  conocer  cuál  es  la 







1,6‐glucano  (20%)  y  quitina  (1‐10%),  también 
manoproteínas  (30‐40%) como  se esquematiza en 









3.4.  Receptores  implicados  en  el 
reconocimiento  de  C. albicans  por  el 
macrófago 
Cuando  la  célula  hospedadora  se  encuentra  con 
hongos  patógenos  vivos,  la  respuesta  inicial  del 
sistema inmunitario innato está determinada por el 
reconocimiento  de  los  componentes  de  la  pared 
celular. A primera vista, parece que la unión de los 
distintos  receptores  de  las  células  del  sistema 
inmune a los PAMPs de C. albicans, conducen a un 
conjunto  de  rutas  estandarizadas  y  posiblemente 
redundantes,  que  estimulan  la  producción  de 
citoquinas, la fagocitosis y la muerte del hongo. Sin 
embargo,  este  modelo  de  respuesta  ha  sido 
perfeccionado  en  los  últimos  años.  Varios  PRRs 
permiten  al  sistema  inmune  innato,  no  sólo 
reconocer  PAMPs  específicos,  sino  modular 







habilidad  de  unirse  a  carbohidratos  dependiente 
de Ca+2  (Weis, et al., 1998). Esta superfamilia está 
compuesta  por  receptores  solubles  y  receptores 
unidos a membrana,  compartiendo entre ellos un 
dominio  de  reconocimiento  de  carbohidratos 








células T reguladoras). Figura tomada de Netea et al (Netea, et al., 2008).
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carbohidratos  procedentes  de microorganismos  o 
ligandos  endógenos  (Iobst,  et  al.,  1994).  Estos 
receptores  son  los  principales  para  el 
reconocimiento de  los hongos y  la  inducción de  la 
respuesta  inmune  innata  contra  los  mismos,  los 
más  relevantes  en  la  respuesta  contra  C. albicans 
son: 
Receptor de Manosa (MR): 
El  manano  de  la  pared  celular  es  el  principal 
antígeno  de  Candida  responsable  de  la 




poco  común,  ‐1,2  manosa,  que  confiere  una 




de  macrófagos,  células  dendríticas  (DC)  y  otras 
células. Este receptor es capaz de unirse a manosa, 
fucosa,  N‐acetilglucosamina  y  glucosa,  pudiendo 
reconocer  C. albicans,  Cryptococcus.  neoformans, 
Pneumocystis  carini,  y  otros  patógenos  incluidos 
virus.  Tras  el  reconocimiento  de  la  levadura,  el 
receptor  media  la  internalización    del  patógeno 
mediante  fagocitosis,  ayudando  a  la  muerte 
intracelular.  Su  actividad  hacia  C. albicans  es 
dependiente  de  IL‐13  a  través  de  una  ruta 
intracelular  endocítica  dependiente  de  PPAR 
(peroxisome  proliferator‐activated  receptor) 
(Coste, et al., 2003), en modelos murinos  la unión 
del  MR  con  Candida  induce  la  formación  de 





Es  un  receptor  específico  de  células dendríticas  y 
macrófagos.  Tiene  gran  afinidad  por  manosas 
ramificadas  presentes  en  moléculas  complejas 
(receptor de partículas opsonizadas) (Koppel, et al., 
2005).  Este  receptor  reconoce  C. albicans  de 
manera  calcio  dependiente  y  lleva  a  la  captura  y 
fagocitosis  de  la  levadura  (Graham,  et  al.,  2009). 
Este receptor produce una señalización intracelular 






no  opsonizado.  También  contribuye  al 
reconocimiento  de  partículas  opsonizadas  que 
contienen ‐glucano. Dectina‐1 está involucrada en 
la  fagocitosis  y  en  la  inducción  de  citoquinas 
proinflamatorias por macrófagos murinos. 
Además  puede mediar  la  fagocitosis  de  la  forma 
levaduriforme  de  C. albicans,  y  la  inducción  de 
citoquinas  proinflamatorias,  la  fosforilación  de 
proteínas  citosólicas  determinadas  e  iniciar  el 
“estallido  respiratorio”, mientras  que  las  hifas  de 
C. albicans fallan a  la hora de unirse o  iniciar estas 
respuestas  a  través  de  dectina‐1.  Por  otro  lado, 
reconoce  mejor  las  células  de  la  levadura 
inactivadas  por  calor  que  las  células  vivas, 
indicando que el ‐glucano  se expone de manera 
diferente  en  las  diferentes  morfologías  de 
C. albicans (Heinsbroek, et al., 2005). 
Dectina‐2 
A  diferencia  de Dectina‐1,  es  un  receptor  que  es 




mismo.  Se  expresa  en  macrófagos  y  células 
dendríticas y es capaz de unir a hifas de C. albicans, 
al  igual  que  moléculas  de  zimosán,  mediante  el 
reconocimiento  de  estructuras  complejas  de 
manosa  (McGreal,  et  al.,  2006).  También  ha  sido 
definido  su  papel  como  PRR  fúngico  debido  a  su 
capacidad  para  inducir  una  respuesta  inmunitaria 
innata mediante  la  señalización  a  través  del  FcɣR 
(Receptor  de  fragmentos  Fcɣ)  induciendo  TNF  en 





Receptor  Mincle  (macrophage‐inducible  C‐type 
lectin) 
Se  expresa  fundamentalmente  en  macrófagos, 
donde  ejerce  una  función  importante  en  las 
respuestas inmunitarias innatas frente a C. albicans 
(Matsumoto,  et  al.,  1999).  En  ausencia  de  este 
receptor,  la producción de  TNF‐α por macrófagos 
se  reduce,  tanto  in  vivo  como  in  vitro,  y  además 
ratones  deficientes  en  Mincle  presentan  una 
mayor susceptibilidad a la candidiasis sistémica. Sin 
embargo  Mincle  parece  no  ser  esencial  para  la 
fagocitosis  del  hongo  (Wells,  et  al.,  2008)  y  su 
unión con el ligando no está caracterizada todavía. 
Galectina‐3 
Principalmente  expresada  en  macrófagos, 
fibroblastos y células epiteliales, es esencial para la 
fagocitosis  (Sano, et al., 2003) y está  implicado en 
la  unión  de  levaduras  a  través  de  los  ‐1,2‐
oligomanósidos,  relacionados  con  el manano  y  el 
fosfolipomanano, presentes en  la pared celular de 
C. albicans, pero  ausente  en  S.  cerevisiae  (Fradin, 
et al., 2000a). Este  tipo de glucano está  implicado 
en  la unión  con  la membrana del macrófago, que 
lleva a la activación de NF‐κ dependiente de TLR2 
y  a  la  producción  de  TNF‐α  (Fradin,  et  al.,  1996). 
Recientemente  se  ha  descrito  que  la  unión  de 





Es  una  ‐integrina  ampliamente  expresado  en 
neutrófilos,  monocitos  y  células  NK  y  poco 
presente en macrófagos que reconoce ‐glucano y 
también media el  reconocimiento del  zimosán no 
opsonizado. Es un  receptor “promiscuo”  lo que  le 
convierte  en  pieza  fundamental  de  la  fagocitosis. 
La unión de CR3 no media  la respuesta protectora 





Es  una  proteína  sérica  capaz  de  opsonizar 
levaduras mediante la activación del complemento. 
Se  une  a manosa  y  a  grupos N‐acetilglucosamina 
presentes  en  glicolípidos  y  glicoproteínas  de 
bacterias Gram negativas, Gram positivas y hongos. 
Es  un  miembro  de  la  familia  de  las  lectinas 
dependientes de calcio, o colectinas.  




puede  también  interferir  en  la  adherencia  de 
C. albicans a  los  tejidos del hospedador, debido a 





Los  TLRs  son  una  familia  de  proteínas 
transmembrana  muy  conservadas  que  se 
caracterizan por presentar un dominio extracelular 
rico  en  residuos  de  leucina  (LRR;  “Leucine  Rich 
Repeat domain”),  responsable del  reconocimiento 
de  estructuras  fúngicas,  bacterianas  o  víricas, 
además de factores endógenos producidos durante 
el daño celular (Weindl, et al., 2007), y una región 
intracitoplasmática  denominada  TIR  (Toll‐
Interleukin‐1  Receptor),  homóloga  a  la  región 
intracitoplasmática del  receptor de  la  IL‐1  y de  la 
IL‐18,  responsable  de  la  transducción  de  señales 
intracelulares (Akira, 2006, Takeda, et al., 2004). En 
mamíferos,  se  han  identificado  30  TLRs  de  los 
cuales  10  tienen  importancia  funcional  en 
humanos.  TLR1,  TLR2,  TLR4,  TLR5  y  TLR6  están 
asociados  a  la  membrana  celular,  mientras  que 
TLR3,  TLR7,  TLR8  y  TLR9  están  localizados  en  el 
compartimento endosomal o lisosomal. 
En  cuanto  a  la  implicación  de  los  TLRs  en  la 
fagocitosis,  se  sabe  que  este  proceso  viene 
acompañado  de  una  respuesta  inflamatoria 
originada por el reconocimiento de ligandos de los 
microorganismos  por  los  TLRs  y/o  por  otros 
receptores  tipo  lectina.  De  hecho,  se  ha 




como  receptores  fagocíticos,  pero  que  sí  pueden 
afectar a  la maduración del  fagosoma y  regular  la 
expresión  de  genes  cuyos  productos  participan 
directamente  en  la  fagocitosis  (Underhill,  et  al., 
2004). 
La  activación  de  las  rutas  de  señalización  de  los 
TLRs  lleva a  la activación del  factor diferenciación 
mieloide  88  (MyD88),  a  nivel  citoplásmico,  que 
lleva  a  la  estimulación  de  citoquinas 
proinflamatorias y, en el caso de TLR4 y TLR3, de la 
activación  de  una  ruta  que  induce  a  los 
interferones de tipo  I  (Akira, 2006). Se ha descrito 
que  la  activación  de MyD88  es  necesaria  para  la 
fagocitosis  y muerte  de  C. albicans  (Marr,  et  al., 
2003).  
Varios  TLRs  están  implicados  en  la  respuesta 
inflamatoria inducida por C. albicans, de ellos TLR2, 
TLR4  son  los  más  importantes.  Estos  dos 
receptores son expresados por muchas células del 
sistema  inmunitario  innato,  incluidos  monocitos, 
macrófagos, células dendríticas, neutrófilos, células 
T CD4+ y células epiteliales (Bellocchio, et al., 2004, 
Netea,  et  al.,  2006,  Weindl,  et  al.,  2007).  La 
activación del TLR2 por  componentes de  la pared 
celular  de  C. albicans,  como  el  fosfolipomanano, 
lleva a la producción de citoquinas como TNF, IL‐1β 
e IL‐10 (Jouault, et al., 2003), mientras que la IL‐12 
y  el  INF‐  no  son  inducidos,  resultando  en  un 
balance favorable a la respuesta celular Th2 (Weis, 
et  al.,  1998).  TLR4  reconoce  mananos  de  S. 
cerevisiae y C. albicans pero necesita a CD14 (Tada, 
et  al.,  2002)  induciendo  la  producción  de 
numerosos mediadores proinflamatorios  como  las 
citoquinas TNF‐α,  IL‐1 y  IL‐6, pero su función en  la 
defensa  frente a  las candidiasis sistémicas  todavía 
continúa en debate. 
Actualmente  se  sabe  que  el  zimosán  induce  la 
señalización a través del heterodímero TLR2/TLR6. 
Aunque no se ha caracterizado el componente del 
zimosán  responsable  de  la  interacción  con  el 
receptor, parece ser que dicha  interacción no está 
mediada  por  el  glucano,  ya  que  al  eliminar  del 
zimosán  los  demás  componentes  mediante 








señalización  que  estimulan  la  producción  de 
citoquinas,  la  fagocitosis  y  la  muerte  del  hongo. 
Además, mediante  la  inducción  de  determinados 
perfiles de citoquinas,  los PRRs  llevan hasta cierto 




envuelve a  la  levadura para dar  lugar al fagosoma, 
que proporciona un ambiente hostil a  la  levadura, 
expuesta  a  un  gran  número  de  compuestos 









un  efecto  importante,  la  activación  de  los 
macrófagos  libera  citoquinas,  quimioquinas,  y 






Después  del  reconocimiento  de  la  levadura,  los 
TLRs activan NFκB (Factor Nuclear kappa B), o bien 
la  ruta  de  MAP  kinasas,  lo  que  conduce  a  la 
estimulación  de  la  producción  de  citoquinas 
proinflamatorias  (Akira,  et  al.,  2003).  El  balance 
entre las señales inducidas por TLR2 y TLR4 parece 




regulador  del  interferón  (IRF3),  que  induce  la 
producción de citoquinas tipo Th1 como INF‐ɣ (Van 
Der Graaf, et al., 2005). La unión de TLR2 también 
puede  inducir  la  producción  de  citoquinas 
proinflamatorias, pero es un efecto menor que el 
de  TLR4,  sin  embargo,  TLR2  no  induce  la 
producción de IL‐12 y INF‐ɣ tipo Th1, favoreciendo 
la  respuesta  Th2  o  tipo  Treg  (linfocitos  T 
reguladores)  (Re,  et  al.,  2001).  Mientras  que  el 
papel  de  TLR6  y  TLR9    en  la  producción  de 




reconocimiento de C. albicans y  la  inducción de  la 
respuesta  inmunitaria posterior, existen datos que 
muestran  que  ciertos  hongos  patógenos  han 
desarrollado  estrategias  para  reducir  este 
reconocimiento  por  los  PRRs,  o  para  usar  el 
reconocimiento  como  una  ventaja  para  evadir  la 
respuesta inmunitaria.  
Además  de  inducir    directamente  efectos 
antinflamatorios,  C. albicans  ha  desarrollado 
estrategias  para  bloquear  o  evitar  el 
reconocimiento  por  los  PRRs,  por  ejemplo,  la 
transición  morfológica  levadura‐  hifa  tras  la 
adhesión de la levadura al endotelio intravascular y 
la  invasión  de  los  tejidos  circundantes  puede 
resultar  un  mecanismo  mediante  el  cual  la 
levadura  puede  evitar  el  reconocimiento  del  β‐
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glucano  por  el  sistema  inmunitario  (d'Ostiani,  et 
al., 2000). 
Modelo  integrado  de  reconocimiento,  captura  y 
muerte de la levadura 
Aunque hay mucho que aprender todavía sobre el 
reconocimiento  de  los  hongos  por  el  sistema 
inmunitario,  hay  algunos  principios  que 
caracterizan el reconocimiento de C. albicans por el 
sistema  inmune  innato  y  su  activación durante  la 
candidiasis: 
a) El  reconocimiento depende distintos PAMPs en 
la  pared  del  hongo.  Para  este  reconocimiento  se 
han  desarrollado  sistemas  de  receptores 
específicos,  como  el  MR  y  DC‐SIGN  para  el 
reconocimiento  de  cadenas  ramificadas  de 
mananos unidas por un enlace N‐glicosídico, TLR4 
para  cadenas  lineales  de mananos  unidas  por  un 
enlace  O‐glicosídico  ,  galectina‐3  para  los  β‐
manósidos, dectina‐1 y TLR2 para  los β‐glucanos y 
fosfolipomanano  (PLM)  y  CR3  para  el  β‐(1,6)‐
glucano. 
b)  A  pesar  de  la  superposición  y,  a  veces, 
redundancia  de  funciones,  cada  sistema  ligando‐
receptor  activa  rutas  específicas  de  señalización 
intracelulares, y esto tiene distintas consecuencias 
para  la activación de distintos  componentes de  la 
respuesta inmunitaria del hospedador. 
c) La expresión diferencial de  los distintos PRRs es 
un  mecanismo  importante  para  la  respuesta 
específica de tipo celular a patógenos fúngicos. 
d) Por último, la respuesta integrada a un patógeno 
específico  depende  del  mosaico  de  PRRs.  La  co‐
estimulación  debida  a  múltiples  interacciones 
PAMP‐PRR  puede  aumentar  la  sensibilidad  y 




impulsado  el  desarrollo  de  estrategias  que 
permiten  analizar  los  problemas  biológicos  desde 
un punto de vista más global e  integrado, como  la 
Genómica,  Proteómica  o  Metabolómica.  Así,  el 
desarrollo  de  la  genómica  ha  permitido  hasta  el 
momento  la  secuenciación  de  6868  genomas 
completos y hay más de 20000 están en proyecto 
(www.genomesonline.org).  Sin  embargo  aún  se 
desconoce  la  función  biológica  de  muchas 
proteínas codificadas por  los genes detectados. La 
proteómica  es  uno  de  los  campos  que  puede 
ayudar  a  establecer  una  conexión  entre  las 
secuencias  genómicas  y  su  comportamiento 
biológico,  constituyendo  una  herramienta 
importante  en  el  análisis  funcional  de  genes  de 
función desconocida. 
En  los  años  70  se  desarrolló  la  electroforesis 
bidimensional  (O'Farrell, 1975). En  los años 90,  la 
espectrometría  de  masas  emergió  como  una 
herramienta muy  potente  para  el  estudio  de  las 
proteínas.  Además,  los  genomas  de  muchos 
organismos,  incluido  el  del  ser  humano,  fueron 
publicados,  comenzando  una  nueva  era  para  la 
proteómica.  El  término  “proteoma”  se  utilizó  por 
primera vez en 1995 y se define como  la dotación 
completa  de  proteínas  expresadas  por  un 
individuo,  tejido,  cultivo  celular,  etc.,  en  un 
momento  determinado  y  bajo  condiciones 
específicas  (Wilkins,  1995).  A  diferencia  del 
genoma,  el  proteoma  es  dinámico,  ya  que  una 
misma  información  genética  puede  dar  lugar  a 
distintos  proteomas  según  las  condiciones  de 





Además,  cada  gen  puede  dar  lugar  a  varias 
especies  proteicas,  según  el  procesamiento  del 
mRNA  y/o  las modificaciones  post‐traduccionales 
que  haya  sufrido.  Por  lo  tanto  el  número  de 
posibles  proteínas  de  un  proteoma  es  mucho 
mayor  que  el  número  de  genes  que  contiene 
(Figura 6). Por esta razón, el estudio del proteoma 
es,  probablemente,  el  sistema  experimental  más 
adecuado  para  analizar  células  y  tejidos,  puesto 




diferentes:  la  proteómica  de  expresión 
(identificación  de  los  componentes  del  proteoma 
que sufren alteraciones en sus niveles de expresión 
a  consecuencia  de  alteraciones  fisiopatológicas  o 
inducidas  por  agentes  externos),    la  proteómica 
celular  o  estructural  (estudio  de  la  localización 
subcelular  de  las  proteínas  y  de  las  interacciones 
proteína‐proteína)  y  proteómica  analítica  o 
funcional  (diversas  aproximaciones  proteómicas 
que  permiten  el  estudio  y  caracterización  de  un 
grupo  de  proteínas  determinado  proporcionando 
información  importante  sobre  señalización, 
mecanismos  de  la  enfermedad  o  interacciones 
proteína‐fármaco,  modificaciones  post‐
traduccionales) (Figura 7). 
Uno de  los principales obstáculos a  los que  se ha 
enfrentado  la  investigación  proteómica  en  los 
últimos  tiempos  es  la  dificultad  que  supone  la 
identificación  de  todas  las  proteínas  presentes 
dentro  de  una  muestra  biológica  compleja.  Esta 
dificultad  se  ve  agravada  por  el  limitado  rango 
dinámico  de  concentraciones  que  las  técnicas 
actuales son capaces de resolver. Otros problemas 
están  asociados  a  la  evaluación  de  la  enorme 
cantidad  de  información  que  genera  esta 
tecnología,  que  complica  la  selección  e 
interpretación  de  los  datos  potencialmente  útiles 
de entre todos los obtenidos.  
Los estudios proteómicos    a  gran escala  se basan 
Figura	6:	Esquema	representativo	
de	 la	 relación	 entre	 genoma,	
transcriptoma,	 proteoma	 y	
funciones	celulares.	Dinamismo	del	
proteoma.	 Un	 solo	 gen	 puede	 dar	
lugar	 a	 numerosas	 especies	
proteicas	 debido,	 por	 ejemplo,	 al	
procesamiento	 alternativo	 o	 a	 las	
modificaciones	 post‐traduccionales	
que	sufre	la	proteína.	Por	eso	se	dice	
que	 le	 proteoma	 de	 una	 célula	 u	
organismo	es	algo	dinámico	y	reflejo	




Figura	 7:	 Clasificación	 de	 la	 proteómica	 y	 sus	 aplicaciones. Figura	 tomada	 de	 la	 Tesis	 de	
Virginia	Cabezón.	
fundamentalmente  en  dos  tipos  de  técnicas: 
técnicas de separación y técnicas de  identificación 
y  caracterización  de  proteínas  mediante 




e  integración  de  la  enorme  cantidad  de  datos 
obtenidos,  son  los  pilares  básicos  de  los  estudios 
proteómicos.  
4.1. Métodos de separación de proteínas 
Debido  a  la  enorme  complejidad  del  proteoma 
(varios miles de proteínas) de la mayor parte de los 
organismos,  los estudios proteómicos requieren  la 
separación  de  proteínas  para  facilitar  el  análisis 
posterior. Dentro de  las técnicas de separación de 
proteínas, las dos más utilizadas y con mayor poder 
de  resolución  son  la  electroforesis 
(monodimensional  (SDS‐PAGE)  y bidimensional en 




La  electroforesis  bidimensional  separa  las 
proteínas basándose en dos parámetros: su punto 
isoeléctrico,  en  la  primera  dimensión,  y  su  peso 
molecular  en  la  segunda.  Es  una  técnica  de 
separación de gran capacidad resolutiva.  
La  separación  de  la  primera  dimensión  se  realiza 
mediante  isoelectroenfoque  (IEF),  donde  las 
proteínas son separadas en un gradiente continuo 
de  pH  hasta  alcanzar  una  posición  en  la  que  su 
carga  neta  (punto  isoeléctrico,  pI)  es  cero.  En  la 
segunda dimensión las proteínas son separadas en 
función  de  su  peso  molecular  mediante 









































en  esta  segunda  etapa  electroforética  es 
perpendicular  a  la  primera,  de  manera  que  se 
obtiene  un mapa  de  “manchas  proteicas”  que  se 
distribuye en dos dimensiones. La innovación clave 
para  la 2D‐PAGE  fue el desarrollo de geles con un 
gradientes de pH  inmovilizado  (IPG)  (Bjellqvist,  et 
al.,  1993)  que  mejoran,  entre  otras  cosas,  la 
reproducibilidad de los geles bidimensionales. 
Una  vez  separadas,  las  proteínas  se  visualizan 
mediante  diferentes métodos  de  tinción  como  el 
Azul de Coomassie, la tinción con plata o la tinción 
con compuestos fluorescentes (Sypro Rubi, CyDye, 
etc.). A pesar de que esta  técnica  fue  introducida 
hace  más  de  30  años  (O'Farrell,  1975),  su 
verdadera  aplicación  a  la  proteómica  ha  sido 
posible  gracias  al  desarrollo  de  la  espectrometría 
de masas para la identificación de proteínas a gran 
escala.  




resolución.  Por  otro  lado,  las  limitaciones  más 
relevantes  de  esta  técnica  se  relacionan  con  la 
dificultad  de  resolución  de  proteínas  de  elevado 




Para  solventar  los  problemas  de  la  electroforesis 
2D, se han desarrollado técnicas que no necesitan 
geles  para  la  separación  de  proteínas,  sino  que 
emplean  la  cromatografía  líquida  acoplada  a 
espectrometría de masas (LC‐MS). 
La  cromatografía  líquida  (LC)  es  una  técnica  de 
fraccionamiento que puede aplicarse para separar 
proteínas  o  péptidos  según  diferencias  en  sus 
propiedades  físicas  y/o  químicas  (hidrofobicidad, 
tamaño,  carga  eléctrica),  utilizando  para  ello 
diversos  tipos  de  soporte  cromatográfico  (fase 
reversa,  intercambio  iónico,  exclusión  molecular, 
afinidad,  etc.).  Permite  además  el  acoplamiento 
directo  de  la  columna  con  el  espectrómetro  de 
masas mediante la ionización con ESI (Smith, et al., 
1990),  lo que posibilita  la  automatización de  este 
proceso  (Issaq,  et  al.,  2001,  Lesley,  2001).  Este 
hecho  hace  que  las  técnicas  basadas  en  la 
separación  cromatográfica  conectada  a 
espectrometría  de  masas  en  tándem,  como  la 
tecnología  multidimensional  de  identificación  de 
proteínas (MudPIT), superen a las técnicas basadas 
en gel, en  rapidez, sensibilidad,  reproducibilidad y 
aplicabilidad  a  diferentes muestras  y  condiciones 
(Griffin, et al., 2001). 
4.2.  Análisis  de  proteínas  mediante 
espectrometría de masas 
Las proteínas pueden ser identificadas por diversos 
procedimientos,  entre  los  que  se  incluyen  la 
secuenciación del extremo N‐terminal, la detección 
con  anticuerpos  específicos,  la  composición  de 
aminoácidos,  la  co‐migración  con  proteínas 
conocidas,  y  las  sobre‐expresión  y  deleción  de 
genes  (Garrels,  et  al.,  1994,  Humphery‐Smith,  et 
al.,  1997,  Sagliocco,  et  al.,  1996,  Wilkins,  et  al., 
1997).  Todos  estos  métodos  generalmente  son 
lentos,  laboriosos o caros, y por  tanto no resultan 








traduccionales  que  presentan  relevancia 
fisiológica,  tales  como  glicosilación,  fosforilación, 
ubiquitinación, etc.   
La  espectrometría  de  masas  es  una  técnica 
analítica  clásica  que  permite  analizar  la 
composición  de  elementos  químicos  e  isótopos 
atómicos,  separando  los  iones del  analito en  fase 
gaseosa  por  su  relación  masa/carga  (m/z), 
permitiendo  conocer  la  masa  molecular  de  un 
analito de una  forma muy precisa. El desarrollo a 
finales de los años 80 de las técnicas de ionización 
suave,  que  permiten  generar  iones  a  partir  de 
analitos  grandes  y  no  volátiles,  ampliando  la 
aplicabilidad  de  la  espectrometría  de masas  a  las 
biomoléculas (incluyendo las proteínas) e inició una 
rápida  evolución  de  esta  tecnología que  continúa 
hoy en día.  
Los  espectrómetros  de  masas  están  compuestos 
principalmente por  tres elementos: una  fuente de 
ionización,  un  analizador  de masas  y  un  detector 
(Figura 8).  
Las  muestras  a  analizar  son  introducidas  en  la 
fuente de iones (en forma líquida o seca) donde los 
componentes  de  la  muestra  son  convertidos  en 
iones  en  la  fase  gaseosa.  Estos  iones  son 
transferidos  al  analizador  de  masas  donde  se 
analizan y separan según su relación m/z utilizando 
diferentes  principios  físicos  según  el  tipo  de 
analizador.  Los  datos  registrados  por  el  detector 
son procesados mediante programas de ordenador 
específicos, que habitualmente generan gráficos de 







analizadas.  Los métodos  suaves  generan  iones  en 
fase gaseosa con poca energía residual después de 
la  ionización,  mientras  que  los  métodos  fuertes 





de  iones  a  partir  de  analitos  no  volátiles  y  de 
elevado  peso  molecular,  sin  una  fragmentación 
significativa  y  son,  debido  a  su  eficiencia,  las  dos 
técnicas  preferidas  para  el  análisis  de  péptidos 
(Fenn, et al., 1989). 
 
MALDI:  Ionización/Desorción  por  láser  asistida 







radiación para producir  iones del  analito  a  través 
de  reacciones  fotoquímicas.  Las  matrices  más 
utilizadas  son  los  ácidos  sinapínico,  para  analizar 
péptidos  y  proteínas  grandes,    el  α‐ciano‐4‐
hidroxicinámico,  para  péptidos  y  el  DHB,  para 
moléculas grandes. 
El  acoplamiento de  esta  fuente de  ionización  con 
analizadores  de  tiempo  de  vuelo  (MALDI‐TOF)  es 






proteínas,  caracterizado  por  su  robustez,  su 
sencillez  de  manejo  y  su  capacidad  de 
automatización, así como por su alta sensibilidad y 
su relativa tolerancia a sales y otras interferencias. 
En  un  espectrómetro  MALDI‐TOF  los  iones 
formados  en  la  fuente  se  aceleran  mediante  la 
aplicación  de  un  campo  eléctrico.  Estos  iones 
adquieren  la  misma  energía  cinética  durante  la 
aceleración  por  lo  que  iones  con  distinta  masa 
presentan  “velocidades  de  vuelo”  diferentes,  de 
forma que los iones más pequeños atraviesan más 
rápidamente  el  analizador  (tubo  de  vuelo).  El 






ESI:  Electroespray  o  electronebulización  (Electro 
Spray Ionization).  




por  la  acción  de  un  fuerte  campo  eléctrico 
(Whitehouse,  et  al.,  1985).  Las  sustancias  en 
solución son  introducidas en  la  fuente a  través de 
un  tubo  capilar  a  cuya  salida  se  produce  la 
nebulización gracias a un fuerte campo eléctrico. El 





intacta,  con  enlaces  débiles,  sino  también 
complejos  formados  a  través  de  interacciones  no 
covalentes  (Farmer,  et  al.,  1998).  Normalmente 
produce  iones multicargados. El grado de carga de 
un  determinado  ion  depende  de  su  estructura 
(presencia  de  grupos  ácidos  o  básicos)  y  del 
disolvente utilizado (Qian, et al., 2006). 
Existe  además  otra  variante  del  ESI  que  se 
diferencia  en  el  flujo  de  solvente  que  soporta,  el 
nanoelectrospray  (nESI),  el  cual  trabaja  con  flujos 
por debajo del microlitro por minuto, permitiendo 
analizar poco  volumen de muestra o analitos que 




sectores  (eléctricos  o  magnéticos),  de  campos 
eléctricos cuadrupolo (“quadrupole”, Q), de tiempo 
de  vuelo  (“time‐of‐flight”,  TOF)  y  de  eyección 
selectiva de  los  iones  (analizadores de  resonancia 
citrónica  (ICR)  y  trampas  iónicas  (IT))  (Kicman,  et 
al., 2007).  
El  cuadrupolo  trabaja  como  un  filtro  de  masas, 
donde sólo una relación m/z atraviesa el sistema al 
mismo tiempo. La selectividad de la masa es creada 
utilizando  unos  campos  eléctricos  oscilantes,  que 
estabilizan  o  desestabilizan  el  recorrido  de  los 
iones (Paul, et al., 2003). 
Los  analizadores  de  tiempo  de  vuelo  miden  el 
tiempo que lleva a los iones viajar a través del tubo 
de vuelo. La velocidad de los iones es proporcional 
a  la masa, por  lo que  las moléculas más pequeñas 




determina  en  función  del  movimiento  de  los 
mismos en un campo cuadrupolar tridimensional. 
Los analizadores de  resonancia  citrónica de  iones 
con Transformador de Fourier miden  la masa por 
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detección  de  la  corriente  producida  por  iones 
ciclotrónicos  en  un  campo  magnético.  Los  iones 
afectados  por  el  campo  magnético  se  mueven 
hasta  alcanzar  la  frecuencia  ciclotrónica 
dependiente  de  su  m/z,    la  cual  es  medida. 




información  sobre  su  secuencia  es muy  limitada, 
debiendo recurrir a la MS/MS.  
Hay  un  tipo  de  espectrómetros  en  tándem  que 
utilizan dos analizadores dispuestos en serie. El ion 
precursor se selecciona en el primer analizador y se 
fragmenta mediante  procesos  de  colisión  en  una 
cámara  situada  entre  ambos  analizadores.  Los 
iones  del  fragmento  se  detectan  el  segundo 
analizador. El  instrumento más utilizado para esta 
aplicación es el espectrómetro de masas de  triple 
cuadrupolo  (LTQ)  formado  por  tres  cuadrupolos 
colocados  consecutivamente  (Q1  y  Q3  son 
analizadores  y  Q2  es  la  cámara  de  colisión). 




analizador  donde  tiene  lugar  la  selección  de  los 
iones precursores, su fragmentación y el análisis de 
los  fragmentos,  pero  que  lleva  a  cabo  estos 
procesos  en  momentos  diferentes.  Las  trampas 








de  masas  de  las  proteínas  intactas  pueden 
proporcionar  información rápida y valiosa sobre el 
Figura	 9:	 Espectrómetros	 de	 masas	 utilizados	 en	 proteómica.	 Los	 esquemas	 de	 la	 línea	 superior	
corresponden	a	los	dos	tipos	de	fuentes	de	ionización	más	utilizadas	(ESI	y	MALDI).	Los	esquemas	de	la	a‐f	
corresponden	a		los	distintos	analizadores	junto	con	la	fuente	a	la	que	suelen	ir	acoplada.	Imagen	tomada	de	





identificar  una  proteína  no  es  práctico  basarse 
únicamente  en  su  relación  m/z,  ya  que  existen 
múltiples  factores  (procesamientos  pre  o 




de  la  medida.  Por  ello  se  han  desarrollado 
estrategias complementarias para  la  identificación 
de  proteínas  que  podemos  dividir  en  dos 
categorías generales:  
Análisis  de  las  masas  de  los  péptidos  o  “huella 
peptídica”  (PMF,  Peptide  Mass  Fingerprinting). 
Esta técnica se basa en las medidas de las masas de 
los péptidos obtenidos tras  la digestión enzimática 
de  una  proteína.  La  tripsina  es  la  proteasa  más 
comúnmente utilizada, ya que  su  corte altamente 
reproducible  en  el  extremo  C‐terminal  de  los 
residuos de  lisina  y  arginina permite  identificar  la 
proteína mediante  la  comparación  de  los  valores 
de masa peptídica medidos (reales) con los valores 
calculados  (teóricos)  en  la  digestión  virtual  de 
todas  las  proteínas  en  la  base  de  datos.    La 
identificación  se  produce  por  comparación  de  la 
masa  peptídica  obtenida  con  la  masa  calculada 
teóricamente  a  partir  de  la  secuencia  de 
aminoácidos  de  péptidos  o  proteínas  conocidos. 
Cuantos  más  péptidos  experimentales  coincidan 
con  los teóricos, mayor probabilidad existe de que 
la  proteína  identificada  sea  la  correcta.  Es  el 
método de elección en aquellos casos en los que se 
trabaja  con genomas  secuenciados  y anotados en 
bases  de  datos.  Para  la  identificación  por  huella 
peptídica  es  muy  usual  la  utilización  del 




de  las masas  resultantes  de  la  fragmentación  de 
los  péptidos  obteniendo  la  secuencia  total  o 
parcial de los aminoácidos (etiqueta de secuencia). 
Se  selecciona  un  ion  por  la  masa  en  un  primer 
espectrómetro y se  fragmenta por colisión con un 
gas, generando los iones a, b, c (por el extremo N‐
terminal de  los péptidos) y  los  iones x, y, z  (por el 
extremo C‐terminal de  los péptidos), analizándose 
estos  iones  en  un  segundo  espectrómetro 
(Roepstorff, et al., 1984). La  fragmentación de  los 
iones  precursores  se  lleva  a  cabo  utilizando  CID 
(disociación  inducida  por  colisión)  o  ETD 
(disociación  de  la  transferencia  del  electrón),  la 
Orbitrap  es  el  espectrómetro  de  masas  más 
utilizado para estas técnicas.  
La  interpretación  de  los  espectros  de 
fragmentación  nos  permitirá  la  identificación    de 
partes  de  la  secuencia  de  las  proteínas  por 
comparación  con  espectros  teóricos  de  las 
proteínas  de  las  bases  de  datos,  o  por 
secuenciación de novo u obtención de la secuencia 
mediante  interpretación directa del espectro. Esta 
estrategia  es  la  única  viable  en  caso  de  no 
conocerse  la secuencia del organismo a estudiar o 
de  algún  organismo muy  homólogo  (Patterson  y 
Aebersold, 1995). 
Tras  la  adquisición  de  los  datos,  éstos  son 
enfrentados a  las bases de datos de  secuencia de 
modo  automático  (Shevchenko,  et  al.,  1996),  o 
interpretados manualmente (Clauser, et al., 1995). 
4.4. Cuantificación de proteínas 
Una  de  las  aplicaciones  más  importante  de  la 
proteómica  es  el  estudio  del  perfil  de  expresión 
proteica  de  las  muestras  (células,  tejidos, 
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organismos,  orgánulos…)  y  comparar  este  perfil 
proteico  entre  dos  estados  celulares  distintos.  El 
conocimiento de las proteínas que varían entre dos 
muestras  distintas  (aparecen  o  desaparecen, 
aumenta  o  disminuye  su  síntesis)  es  clave  para 
conocer las diferencias fisiológicas entre ambas. La 
proteómica de expresión estudia los cambios en la 
cantidad  relativa  de  cada  proteína  en  distintas 
condiciones  de  crecimiento  (Aebersold  y  Mann, 
2003, Blackstock, et al., 1999). 
Estas  aproximaciones  pueden  basarse  en  la 
comparación entre  geles bidimensionales  (análisis 





distintas  condiciones  de  estudio  se  separan  en 
geles bidimensionales distintos. En estos geles  las 
proteínas  se  detectan  por  distintos  métodos 
(tinción  de  Coomassie,  tinción  de  plata,  Sypro 
Rubi,…).  En  estas  imágenes,  el  tamaño  y  la 
intensidad  de  la  mancha  proteica  están 
directamente  relacionados  con  la  cantidad  de 
proteína.  Estos  datos  deben  ser  analizados 
informáticamente para detectar aquellas manchas 
con  cambios  entre  ambos  geles  o  condiciones  de 
estudio. 
Es una técnica limitada, pero en los últimos años se 
ha  desarrollado  la  técnica  2D‐DIGE  (Two‐
Dimensional  Difference  in‐Gel  Electrophoresis) 
(Tonge,  et  al.,  2001),  en  la  que  antes  de  la 
separación  de  las  proteínas,  cada  una  de  las 
muestras  se  marca  con  un  fluorocromo  distinto, 
Cy3 o Cy5, y el estándar interno (creado a partir de 
una mezcla de todas las muestras proteicas que se 
van  a  analizar)  se  marca  con  Cy2.  Los  extractos 
proteicos marcados se mezclan y se separan en el 
mismo  gel  bidimensional,  que  se  excita  con 
distintas  longitudes  de  onda  para  obtener  la 
imagen  correspondiente  a  cada  una  de  las 
muestras. El marcaje fluorescente es cuantitativo y 
tiene un rango dinámico lineal entre cuatro o cinco 
órdenes  de  magnitud  en  comparación  con  otros 
métodos de tinción. 
El  hecho  de  que  las  muestras  se  separen  en  el 
mismo  gel  y  el  uso  de  un  estándar  interno 
disminuye  la  variabilidad experimental  gel  a  gel  y 
facilita  el  uso  de  un  programa  de  análisis  de 
imagen  (DeCyder)  para  la  cuantificación 
automática y precisa de  las manchas proteicas, el 
emparejamiento  gel  a  gel  y  el  análisis  estadístico 
(Monteoliva, et al., 2004). 
Proteómica “sin gel” 
Las  técnicas  de  cuantificación  relativa  en 
estrategias  proteómicas  “sin  gel”  se  basan  en  la 
incorporación  en  las  proteínas  o  péptidos,  que 
provienen de cada una de las muestras a comparar, 
de  una  versión  distinta  (ligera  o  pesada)  de  un 
reactivo  con  varios  átomos  de  distintos  isótopos 
estables no radiactivos (12C/13C; 14N/15N; 1H/2H; 
16O/18O).  Esto  permite  la  cuantificación  relativa 
por comparación de  la  intensidad de  los picos del 
espectro.  Aunque  también  se  puede  hacer  una 
cuantificación de  las  proteínas  sin marcar  en  una 
carrera  de  MS,  determinando  la  cantidad  de 
proteína  relativa  mediante  la  suma  de  los 
espectros de MS/MS para un determinado péptido 
a  partir  de  múltiples  muestras,  lo  que  está 
directamente correlacionado con la abundancia de 
la proteína (Liu, et al., 2004). 
Debido  a  la  enorme  cantidad de péptidos  en una 
muestra  biológica,  sólo  una  pequeña  cantidad  de 





analizados  en  una  carrera  de  MS,  lo  cual  limita 
mucho  el  número  de  proteínas  que  pueden  ser 
identificadas en  la muestra. El  rango dinámico de 
cuantificación  suele  limitarse  a  10  o  20, 
dependiendo de  la  sensibilidad del  instrumento  y  
de la complejidad de la muestra (Figura 10).  
Existen  diferentes  estrategias  de  marcaje  que 
incorporan  los  isótopos en distintos momentos de 
la  obtención  de  la  muestra:  durante  el  cultivo 
celular  (SILAC,  Stable  Isotope  labeling with Amino 
acids in Cell culture) (Ong, et al., 2002), después de 
la  extracción  de  proteínas  (ICAT,  Isotope‐Coded 
Affinity  Tag)  (Gygi,  et  al.,  2000),  durante  la 
digestión  enzimática  (digestión  con  agua  pesada) 
(Aebersold  y Mann,  2003),  o  incluso  marcan  los 
péptidos  después  de  la  digestión  enzimática 
(iTRAQ,  Isotope  Tag  for  Relative  and  Absolute 
Quantitation) (Ross, et al., 2004). Estos sistemas se 
están  revelando  como  muy  útiles  para  detectar 








(Ong,  et al., 2002) quienes  lo denominaron  SILAC 
(marcaje con  isotopos estables en cultivo celular). 
En  vez de marcar  todos  los  aminoácidos  con  15N, 
como  hizo  Oda  con  S.  cerevisiae,  las  células  son 
cultivadas  en  un  medio  de  cultivo  que  contiene 
13C6‐Lisina  y/o  13C6‐Arginina,  elegidos  porque  es 
donde corta  la tripsina en digestión y asegura que 
en  el  extremo  C‐terminal  haya,  al  menos,  un 
aminoácido  marcado  (excepto  el  extremo  C‐
terminal de la proteína). 
Uno de  los beneficios de  este marcaje  es que  las 
células  inmortalizadas  pueden  incorporar  el 
isótopo en más de un 90% de las proteínas tras 5‐8 
pases  (generaciones).  Tras  la  incorporación,  las 
muestras ligera y pesada se mezclan y se preparan 






Las  muestras  que  no  pueden  ser  marcadas 
metabólicamente  (muestras  clínicas  como  tejidos, 



























18O  en  el  extremo  C‐terminal  de  los  péptidos 
trípticos  (Mirgorodskaya,  et  al.,  2000).  Otra 
estrategia de marcaje  enzimático  es  la  tecnología 
estándar  interna  global  (GIST)  que  usa  agentes 
acetilantes  deuterados  (2H)  como  N‐
acetoxysuccinamida  (NAS) para marcar  los  grupos 
amino  primarios  en  los  péptidos  digeridos 
(Mirgorodskaya,  et  al.,  2000).  El  ICAT  (Isotope‐
Coded Affinity Tag) se basa en el marcaje con unas 
etiquetas  homólogas  a  iodoacetamida  que 
Figura	 11:	 Resumen	 de	 flujo	 de	 trabajo	 de	 las	 distintas	 aproximaciones	 en	 proteómica	 cuantitativa:	 Este	 gráfico	
muestra	 el	 flujo	 de	 trabajo	 cuando	 las	muestras	 son	marcadas	 isotópicamente	 (indicado	 con	 el	 color	 verde	para	 el	 ligero	 y	
naranja	para	el	pesado)	para	análisis	por	espectrometría	de	masas.	Como	excepción	está	 la	cuantificación	sin	marcaje	(label	





reaccionan  con  el  grupo  funcional  tiol  de  a  las 
cisteínas,  estas  etiquetas  están  marcadas  con 
biotina  que  contiene  13C  o  12C,  otorgando  una 
diferencia  de masa  entre  el  ligero  y  pesado  de  9 
Da.  Los  péptidos  marcados  se  purifican  en  una 
columna de afinidad con avidina y así se simplifica 
la mezcla peptídica. Esta aproximación tiene como 
desventaja  que  no  todos  los  péptidos  tienen 
cisteína, por  lo que disminuye  considerablemente 
número  de  péptidos  que  se  identifican  de  la 
proteína,  disminuyendo  su  cobertura.  Estos 
problemas  mejoraron  con  el  desarrollo  del  ICPL 
(Isotope‐Coded  Protein  Labeling),  en  el  que  se 
marcan  isotópicamente  los  extremos  amino 
terminal de  las proteínas y a  los residuos de  lisina 






Absolute  Quantitation)  un  tipo  de  marcaje 
isobárico  estable.  Fue  diseñado  para  conservar  la 
información  relacionada  con  las  modificaciones 
post‐traduccionales    y  poder  comparar  hasta  8 
muestras simultáneamente. 
El sistema se caracteriza porque la cuantificación se 
produce  en  la  fragmentación  de  los  péptidos 
(MS/MS). El reactivo está constituido por un grupo 
“reporter”  cargado  (que  permite  la  cuantificación 
en  el  espectro de  fragmentación del péptido), un 




aminas  primarias  (N‐terminal  y  cadena  lateral  de 
lisinas)  a  través  de  un  grupo  NHS  reactivo.  As, 
distintos digeridos  trípticos  se pueden combinar y 
analizar  en  un  único  experimento  LC‐MS/MS.  La 
existencia  de  8  iones  reporter  permite  comparar 
simultáneamente  hasta  8  condiciones.  Los  iones 
precursores  (MS)  son  exactamente  iguales  y  los 
iones  fragmentados  (MS/MS)  sólo  difieren  en  lo 
que  respecta  a  los  iones  reporter.  Cuando  se 
fragmenta el reactivo  iTRAQ lo hace dando  lugar a 
los marcadores  de  113,  114,  115,  116,  117,  118, 
119  y  121  Da,  respectivamente.  El  área  bajo  la 







La  tecnología  proteómica  ha  desarrollado  un 
método  de  cuantificación  libre  de  marcaje  cuyo 
objetivo  es  determinar  la  cantidad  relativa  de 
proteínas  en  dos  o  más  réplicas  biológicas.  La 
cuantificación  de  proteínas  está  basada 
principalmente  en  dos  categorías  de mediciones. 
En  la  primera  son  medidas  tanto  las  cargas  de 
intensidad de los iones como las áreas de los picos 
de  los  péptidos  en  la  cromatografía.  La  segunda 
está  basada  en  el  conteo  de  espectros  de  las 
proteínas  identificadas  tras  el  análisis  de 
espectrometría de masas. Ambas son medidas para 
cada  carrera  y  los  cambios  en  la  abundancia  de 
proteínas  son  calculados  comparando  diferentes 
análisis independientes (Zhu, et al., 2010). 
La  utilización  de  las  técnicas  proteómicas  en  el 
estudio  de  la  interacción  entre  patógeno  y 
hospedador  abre  nuevos  caminos  en  la 
comprensión  de  los mecanismos  de  virulencia  de 
los patógenos y cómo actúa el sistema inmunitario 
para  combatir  la  infección.  Al  utilizar  diversas 
técnicas, tanto basadas en gel como de proteómica 















- Estudio  de  proteínas minoritarias  de macrófagos murinos  implicados  en  la  respuesta 




- Identificación  de  nuevas  rutas  de  señalización  implicadas  en  la  respuesta  de  los 




- Estudio  de  la  respuesta  de  macrófagos  humanos  M1  (proinflamatorios)  y  M2 
(antiinflamatorios) frente a C. albicans. Medida de la respuesta fagocítica, de la actividad 



















- Identification  of  new  signaling  pathways  involved  in  the  macrophage  response  to 




-  Study  on  the  response  of  human  macrophages  M1  (pro‐inflammatory)  and  M2 
(antiinflammatory)  against  C.  albicans.  Measurement  of  their  phagocytic  response, 




* Este capítulo contiene material suplementario que 
























Sub-proteomic study on macrophage response to Candida
albicans unravels new proteins involved in the host defense
against the fungus☆
Jose Antonio Reales-Calderóna, Laura Martínez-Solanoa, Montserrat Martínez-Gomarizb,
César Nombelaa, Gloria Moleroa,⁎, Concha Gila, b
aDepartamento de Microbiología II, Facultad de Farmacia, Universidad Complutense de Madrid, Spain
bUnidad de Proteómica, Parque Científico de Madrid-UCM, Spain
A R T I C L E I N F O A B S T R A C T
In previous proteomic studies on the response of murine macrophages against Candida
albicans, many differentially expressed proteins involved in processes like inflammation,
cytoskeletal rearrangement, stress response and metabolism were identified. In order to
look for proteins important for the macrophage response, but in a lower concentration in
the cell, 3 sub-cellular extracts were analyzed: cytosol, organelle/membrane and nucleus
enriched fractions from RAW 264.7 macrophages exposed or not to C. albicans SC5314 for
3 h. The samples were studied using DIGE technology, and 17 new differentially expressed
proteins were identified. This sub-cellular fractionation permitted the identification of 2
mitochondrion proteins, a membrane receptor, Galectin-3, and some ER related proteins,
that are not easily detected in total cell extracts. Besides, the study of different fractions
allowed us to detect, not only total increase in Galectin-3 protein amount, but its distinct al-
location along the interaction. The identified proteins are involved in the pro-inflammatory
and oxidative responses, immune response, unfolded protein response and apoptosis.
Someof these processes increase the host response and others could be the effect of C. albicans
resistance to phagocytosis. Thus, the sub-proteomic approach has been a very useful tool to
identify new proteins involved in macrophage–fungus interaction. This article is part of a
Special Issue entitled: Translational Proteomics.
© 2012 Elsevier B.V. All rights reserved.









Candida albicans is an important human opportunistic pathogen
that can produce different types of infections ranging from su-
perficial to systemic. Invasive candidiasis is an important cause
of disease and mortality in immunosuppressed patients [1,2],
and the therapeutic arsenal is reduced and sometimes toxic
[2–4]. Thus, the study of host response to Candida infections
J O U R N A L O F P R O T E O M I C S 7 5 ( 2 0 1 2 ) 4 7 3 4 – 4 7 4 6
☆ This article is part of a Special Issue entitled: Translational Proteomics.
⁎ Corresponding author at: Departamento de Microbiología II, Facultad de Farmacia, Plaza de Ramón y Cajal s/n, 28040, Universidad
Complutense de Madrid, Spain. Tel.: +34 913941744; fax: +34 913941745.
E-mail address: gloros@farm.ucm.es (G. Molero).
can be a very useful tool to discover new therapeutic strategies.
Macrophages are crucial elements of the innate and adaptive
immunity to systemic candidiasis [5,6]. C. albicans is recognized
by dedicated pattern recognition receptors (PRRs), including
Toll-like receptors (TLRs) and lectins through itsCandida-specific
pathogen-associated molecular patterns (PAMPs) mainly man-
nan and β-glucan, present on its cell wall. Mannan and beta-
glucan receptors, mannoside-binding lectins (such as Galectin-
1874-3919/$ – see front matter © 2012 Elsevier B.V. All rights reserved.
doi:10.1016/j.jprot.2012.01.037
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3), and Toll-like receptors 2, 4 and 6 recognize C. albicans cells
and trigger the activation of macrophages (see recent reviews
by Jouault et al. [7], Netea et al. [8] and Bourgeois et al. [9]). The
recognition of C. albicans by macrophages causes phagocytosis
and activation of cellular proinflammatory pathways (produc-
tion of inflammatory mediators, toxic compounds like reactive
oxygen (ROS) and reactive nitrogen (RNS) species). Macrophages
also capture and process foreign antigens for their presentation
to T cells, enabling host defense and immunological memory
[10]. While macrophages display a wide variety of mechanisms
to destroy the fungus, C. albicans attempts to survive the action
of phagocytes by inhibiting the production of toxic compounds
like NO [11,12] by preventing phagolysosome fusion [13–15]; or
modulating the pH of this compartment [15].
Macrophage murine cell line RAW 264.7 was used in this
study, due to its ability to employ both oxidative and non-
oxidative mechanisms to kill the fungus [16]. Macrophages acti-
vated by gamma-interferon (IFN-γ), tumor necrosis factor alpha
(TNF-α), or lipopolysaccharide (LPS) produce two kinds of reactive
products characterizedby their cytotoxic activity: reactive oxygen
intermediates (ROI) and reactive nitrogen intermediates (RNI).
The introduction of proteomics has enabled the simulta-
neous analysis of changes in many proteins. Using a proteo-
mic approach, we described the differential protein profile
of control and murine macrophages interacting with live
and heat-inactivated C. albicans cells and a pro- and anti-
inflammatory effect was showed, respectively [17,18]. 2D-
Difference Gel Electrophoresis (2D-DIGE) [19] is a powerful ana-
lytical tool within the field of proteomics, allowing not only the
relative quantitation of protein spot intensity across carefully
matched gels, but also for detecting posttranslationalmodifica-
tions of the protein [20]. Because gel-based techniques have a
bias toward abundant proteins, proteins in lower quantity are
not often detected in the 2-DE analysis of total cellular proteins
due to the complexity of these samples. The use of pre-
fractionation methods by subcellular isolation or selective
enrichment of a specific group of proteins provides an effective
approach to eliminate this drawback. Thus in this work, we
have combined cellular fractionation with 2D-DIGE technology
to study cytosol, membrane, nucleus and cytoskeletal enriched
protein fractions and analyze the differential protein profile of
murine macrophages after 3 h of interaction with C. albicans.
2. Materials and methods
2.1. C. albicans strains
The C. albicans strain used in this study was SC5314, from a
clinical isolate [21]. This strain was maintained on solid YED
medium (1% D-glucose, 1% Difco Yeast Extract and 2% agar)
and incubated at 30 °C for at least 2 days.
2.2. Macrophage cell culture
2.2.1. Culture medium and reagents
RPMI 1640medium, fetal bovine serum (FBS), L-glutamine, and
antibiotics (penicillin–streptomycin) were obtained from
GIBCO BRL (Grand Island, N.Y.). Macrophages were resus-
pended in RPMI supplemented with glutamine (2 mM),
antibiotics (penicillin 100 U/ml–streptomycin 100 μg/ml), and
10% heat-inactivated fetal bovine serum (complete medium).
2.2.2. Macrophage cell line
The RAW 264.7 gamma NO (−) cell line was obtained from the
American Type Culture Collection (Rockville, Md.). Cells were
grown in complete medium in a 5% CO2 incubator at 37 °C
andmaintained at low densities (75% confluence) and passaged
until reaching the confluent state, usually every 3–4 days on
sterile culture plates.
2.3. Protein extraction
Subcellular fractionation was performed using the ProteoEx-
tract™, Subcellular Proteome Extraction Kit from Calbiochem
(Nottingham), according to themanufacturer's protocol. Briefly,
control RAW 264.7 cells after 3 h of interaction with C. albicans
cells (ratio 1:1), were treated with the buffers supplied by the
manufacturer to obtain 4 different extracts: cytosolic, organ-
elle/membrane, nuclear, and cytoskeletal enriched fractions.
The samples were stored at −80 °C. To clean up the samples,
proteins were precipitated using the 2-D-Clean Up Kit (GE
Healthcare) and resuspended in 30mM Tris–HCl, 7 M urea, 2 M
thiourea, and 4%CHAPS. Protein concentrationwas determined
using the Bradford assay (Bio-Rad).
2.4. Sample labeling
Four biological replicates of the subproteomic fractions (cytosol,
organelle/membrane, nucleus and cytoskeleton) both fromcon-
trol and treated samples were fluorescently labeled for DIGE
analysis following the protocol of the manufacturer. Briefly,
400 pmol of Cy Dye (N-hydroxysuccinamide esters of cyanine
fluorescent dyes from GE Healthcare) in 1 μl of anhydrous N,N-
dimethylformamide (DMF, Sigma)wasusedper 50 μg of protein.
After 30min of incubation on ice in the dark, the reaction was
quenched with 10mM L-Lysine for 10min under the same con-
ditions, except for the cytoskeletal fractions, where 25 μg of pro-
tein and 200 pmol of Cy Dye were used.
2.5. Two-dimensional differential in-gel electrophoresis
(2D-DIGE)
For each fraction, labeled samples were combined accord-
ing to the experimental design and four 2-DE gels were per-
formed. Each gel contained a pair of Cy3 and Cy5 labeled
samples (50 μg of protein of each sample), corresponding to
the control and treated samples from the corresponding sub-
proteome (dye-swaps were performed), and a 50 μg aliquot
of a Cy2 labeled pooled standard made by mixing equal
amounts of all the samples used for each DIGE experiment.
The experimental design is detailed in Supplementary Fig.
S.1. Themixtures (150 μg)were diluted 1:1with the loading buff-
er [7 Murea, 2 M thiourea, 4% (w/v) CHAPS, 2%DTTand4%Phar-
malytes, pH 3–11]. First dimension (IEF) of the 2-DE was
performed with 18 cm Immobiline IPG-strips (GE Healthcare)
providing a non-linear pH 3–11 gradient. They were passively
rehydratedwith 350 μl of rehydration buffer [7 M urea, 2 M thio-
urea, 4% (w/v) CHAPS, 100mM DeStreak and 2% Pharmalytes,
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pH 3–11] during 12 h. The mixtures were then applied by cup
loading. The IEF was performed at 20 °C using the following se-
quential steps: 120 V for 1 h; 500 V for 1 h; 500–2000 V gradient
for 1 h; 2000–8000 V gradient for 30 min; 8000 V for 6.5 h. After
the IEF, strips were equilibrated for 12min in reducing solution
[100mM Tris–HCl (pH 8.0), 6 M urea, 30% (v/v) glycerol, 2% (w/v)
SDS, 2% (w/v) DTT], and then for 5 min in alkylating solution
[100mM Tris–HCl (pH 6.8), 6 M urea, 30% (v/v) glycerol, 2% (w/v)
SDS, and 2.5% (w/v) Iodoacetamide and 0.002% Bromophenol
blue]. The equilibrated strips were transferred onto 12% homo-
geneous polyacrilamide gels (2.6%C) casted in low fluorescent
glass plate using an Ettan-DALT six system (GE Healthcare).
Electrophoresis was carried out at 2 W/gel for about 18 h at
18 °C.
2.6. Image visualization and DIGE data analysis
After electrophoresis, the differentially labeled co-resolved
proteins within each gel were imaged using a Typhoon 9400
laser scanner (GE Healthcare). For the Cy3, Cy5 and Cy2
image acquisition, the 532-nm/580-nm, 633-nm/670-nm and
488-nm/520-nm excitation/emission wavelengths were used
respectively, adjusting the pixel size resolution to 100 μm.
The gel images obtained were cropped in the ImageQuant
v5.1 software (GE Healthcare). For spot detection, determi-
nation of quantity, inter-gel matching and statistics gel im-
ages were analyzed using DeCyder v6.5 software (GE
Healthcare).
The differential in-gel analysis (DIA) module was used to
assign spot boundaries and to calculate parameters such as
normalized spot volumes. The intergel variability was cor-
rected by matching and normalizing it with the internal stan-
dard spot maps in the biological variation analysis (BVA)
module. A control versus treated comparison was carried
out. The average ratio and unpaired Student's t test were
also calculated. To reduce the false positives in the p-value cal-
culation, the false discovery rate (FDR) was applied. We consid-
ered statistical significance to be at the 95% confidence level
when standardized average spot volume ratios exceeded ±1.5
in at least three of the four analyzed gels [22]. Unsupervised
principal component analysis (PCA), hierarchical cluster (HC)
and k-means clustering analyses were performed using the
DeCyder Extended Data Analysis (EDA) module on the group
of spots identified as significantly changed. These multivariate
analyses clustered the individual Cy3- and Cy5-labeled
samples based on collective comparison of expression
patterns from the set of proteins.
2.7. Protein identification by MALDI-TOF MS
After fluorescence scanning, the total protein profile was
detected by staining the DIGE gels with Colloidal Coomassie
Blue (CCB). The changes observed by 2D-DIGE analysis were
aligned with CCB profiling, and spots of interest were manually
excised from the gels and transferred to microcentrifuge tubes.
Samples selected for analysis were in-gel reduced, alkylated
and digested with trypsin according to Sechi and Chait [23].
Protein identification was done at the Proteomics Facility of
Universidad Complutense de Madrid-Parque Científico de
Madrid, Spain (UCM-PCM), a member of ProteoRed Network.
Briefly, spots were washed twice with double-distilled
water, dehydrated with 75% Acetonitrile (ACN) and dried in
a Savant SpeedVac. They were reduced with 10 mM DTT
and alkylated with 55 mM iodoacetamide. Finally, samples
were digested with 12.5 ng/μl sequencing-grade trypsin
(Roche Molecular Biochemicals, IN, USA) in 25 mM ammoni-
um bicarbonate (pH 8.5) overnight at 37 °C. After digestion,
the supernatants were collected and 1 μl was spotted onto a
matrix assisted laser desorption ionization (MALDI) target
plate and allowed to air-dry at room temperature. Then,
0.5 μl of a 3 mg/ml of α-cyano-4-hydroxy-trans-cinnamic
acidmatrix in 0.1% TFA–50%ACNwas added to the dried pep-
tide digest spots and again allowed to air-dry again.
MS analyses were performed in a MALDI-TOF/TOF spec-
trometer 4700 Proteomics Analyzer (PerSeptives Biosystems,
Framingham, MA). The instrument was operated in reflector
positive ion mode, with an accelerating voltage of 20,000 V.
All mass spectra were internally calibrated using auto-
digested trypsin peptides. MALDI-TOF spectra with a signal-to-
noise 20were collated and represented as a list ofmonoisotopic
molecular weights. Proteins for which peptide mass finger-
prints provided an ambiguous identification were subjected to
MS/MS sequencing analyses.
MALDI TOF/TOF fragmentation spectra with a signal-to-
noise 10 were collected by selecting the suitable precursor
ions of each MALDI-TOF peptide mass map. Fragmentation
was carried out using the acquisition method 1 kV ion reflector
mode CID on and precursor mass window ±10 Da.
2.8. Database search
The monoisotopic peptide mass fingerprinting data obtained
from MS and the amino acid sequence obtained from each
peptide fragmentation in MS/MS analyses were used to search
for protein candidates using Mascot version 1.9 from Matrix
Science (http://www.matrixscience.com).
The searches for peptidemass fingerprints and tandemMS
spectra were performed in the Swiss-Prot release 53.0 (http://
www.expasy.ch/sprot) and TrEMBL release 37.0 (http://www.
ebi.ac.uk/trembl) databases without taxonomy restriction,
containing 269,293 and 4,672,908 sequence entries respectively
for each software version and database release. The Mascot
search parameters were (1) species, all; (2) allowed number of
missed cleavages, 1; (3) fixed modification, carbamidomethyl
cystein; (4) variable modifications, methionine oxidation; (5)
peptide tolerance, ±50 (PMF)–100 (combined search) ppm; (6)
MS/MS tolerance, ±0.3 Da; and (7) peptide charge, +1. In all iden-
tified proteins, the probability score was greater than the one
fixed by Mascot as being significant, that is, a p value <0.05.
The parameters for the combined search (peptide mass finger-
print and MS/MS spectra) were the same as described above.
The identified proteins have been included into the Proteo-
pathogen Database (http://proteopathogen.dacya.ucm.es/) [24].
2.9. Western-blotting detection
50 μg of protein per well were separated onto 10% SDS-
polyacrylamide minigels and transferred to Hybond-ECL Ni-
trocellulose membranes (Amersham Biosciences). The
western-blotting was performed with Odyssey system
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(Infrared Imaging System (LI-COR Biosciences, Nebraska,
USA)), which allows the measurement of the relative levels
of fluorescence of the different bands and simultaneous label-
ing with two different antibodies. After 1 h of incubation with
primary antibodies: 1/2000 monoclonal anti-Peroxiredoxin-1
(Sigma-Aldrich), 1/2000 Rat anti-Galectin-3 (Santa Cruz Bio-
technology), 1/1000 Rabbit polyclonal anti-Histone H1.1
(Abcam), and 1/2000 Rat anti-Tubulin alpha (AbD serotec),
the membranes were washed 4 times in PBS with 0.1%
Tween-20. After this, the membranes were incubated with
fluorescently labeled secondary antibodies: 1/4000 IRDye
800CW conjugated Goat (polyclonal) anti-Rabbit IgG, 1/2000
highly cross absorbed (LI-COR Biosciences) and 1/4000 IRDye
680 conjugated Goat (polyclonal) anti-Mouse IgG, highly
cross absorbed (LI-COR Biosciences) or IRDye 680 Goat anti-
Rat IgG, highly cross absorbed (LI-COR Biosciences) for
30–60 min at room temperature and protected from light.
The membranes were washed again and scanned for fluores-
cence detection with Odyssey system (LI-COR Biosciences, Ne-
braska, USA). In our case, Peroxiredoxin-1 (Prdx1) and actin in
the cytosolic fraction and Galectin-3 (Lgals3) and Tubulin in
the membrane fraction were detected and measured in the
same membrane.
For nuclear fraction, traditional western blotting was
performed using 1/1000 Rabbit polyclonal anti-Histone
H1.1 (Abcam), and 1/2000 Rat anti-Tubulin alpha as primary
antibodies and 1/4000 anti-Rabbit IgG HRP (GE Healthcare)
and 1/4000 anti-Rat IgG HRP (GE Healthcare) as secondary
antibodies in the same membrane after stripping the
membrane.
Actin was used as loading control for cytosol enriched frac-
tion and Tubulin for membrane and nuclear enriched frac-
tions. Data were expressed as mean±SD. The unpaired
Student's t-test was used to compare differences between
groups and p<0.05 was considered significant.
2.10. Immunofluorescence assay
2×105 RAW 264.7 macrophages were plated onto 18-mm cov-
erslips placed in 24-well multiwell plates for 24 h at 37 °C in a
5% CO2 atmosphere, washed twice with culture mediumwith-
out serum, and treated with 5×105 blastospores for 3 h. The
coverslips were incubated with PKH26 (2× PKH Dye Solution,
4×10−6 M in diluent C) (Sigma) for 5 min at 25 °C. The reaction
was quenched with 1% BSA. The coverslips were washed
twice with PBS and cells were fixed with 3.7% formaldehyde
in PBS for 30 min at 4 °C. The coverslips were washed twice
with PBS and cell membranes were permeabilized for 15 min
with PBS containing 0.2% Tween 20 at room temperature.
After two washes with PBS, the macrophage Fc receptors
were blocked with IgG from mouse serum (Sigma-Aldrich)
overnight (1:500) in RPMI containing 10% BSA and 0.2% Saponin.
After this, the coverslipswerewashed twice for 10min in gentle
sacking, and overlaid with Rat anti-Galectin-3 antibody, diluted
1:1000, incubated for 1 h, washed with PBS three times and
overlaid with anti-Rat FITC antibody (Sigma-Aldrich, diluted
1:1000), incubated for 1 h, washed with PBS three times in the
dark and mounted with anti-fading solution with DAPI. Digital
images were captured using a confocal fluorescence microsco-
py Leica TCS SP2.
2.11. Flow cytometric analysis
Dihydrorhodamine 123 (DHR123) 0.02 mM was added to the
culture medium 40 min before the end of the incubation
with/without C. albicans. DHR123 was purchased from
SIGMA, dissolved in DMSO in the dark at a concentration of
2 mM, and stored at −80 °C until use. After the incubation,
cells were trypsinized at 37 °C for 10 min, the reaction was
quenched with complete medium and cells were spun down
for 10 min at 1000 rpm. Pellet was washed twice with PBS
and, before analysis, cells were resuspended in PBS at a con-
centration of 1×106 cells/ml.
Flow cytometry analyses were done using a FACScan
equipped with an ion laser with an excitation at 488 nm. The
fluorescence of 10,000 cells was collected on a linear scale
through right angle scatter (side scatter) was collected at
530 nm (FL1). Data were expressed as mean±S.D. Statistical
analyses were performed using the Student's t test. Differ-
ences were considered significant at p-value<0.05.
2.12. In vitro candidacidal assay
The candidacidal activity was carried out in vitro by a growth
inhibition assay and a CFU assay as previously reported [25].
In brief, a total of 106 C. albicans cells were grown into a p24
plate with 1 ml of the macrophages supernatant or with 1 ml
Fig. 1 –Representative 2-DE of RAW264.7 cells cytosol enriched
fraction after the interaction with C. albicans. Proteins were
resolved in the3–11 (non linear) pH rangeon the first dimension,
and on 10% polyacrylamide gels on the second dimension.
Proteins that exhibited a significant alteration in expression in
macrophages after interaction with C. albicanswere identified
by MALDI-TOF/TOF mass spectrometry, and are listed in
Table 1 by the same name as that in the figure. Circled spots
matched with down-expressed proteins after the interaction
with the yeast and spots included into triangles matchedwith
over-expressed proteins.
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of the supernatant and 106 macrophages or 1 ml of RPMI,
which was used as a control. The cell suspensions were incu-
bated at 37 °C and 5% CO2. After 3 h of interaction, the fungal
cells were diluted 1:200 and 1:2000 and the solutions were dis-
pensed and streaked on the surface of YED plates (three
dishes for each condition) which were then incubated at
30 °C 24–48 h, and CFUs were enumerated. For statistical analy-
sis, the results were expressed as mean±standard deviations.
Differences in the numbers of CFU were evaluated by using
the Student t test. The experiment was carried out 4 times.
3. Results
3.1. Differential protein expression of macrophages upon
C. albicans interaction: analysis of subcellular fractions by
2D-DIGE
Control RAW 264.7 macrophages and after 3 h of interaction
with C. albicans SC5314 cells at a 1:1 ratio, were treated as de-
scribed inMaterials andmethods to obtain 4 subproteomic sam-
ples: cytosol, organelle/membrane, nucleus and cytoskeleton
enriched fractions. These samples were analyzed separately
using 2D-DIGE methodology. Four 2D-DIGE gels per subfraction,
corresponding to Cy3-, Cy5- and pooled internal standard
Cy2-labeled sample images, were analyzed using DeCyder soft-
ware (v6.5). DIAmodule analysis allowed the detection of an av-
erage of 1730, 1634, 1405 and 1688 protein spots in cytosol,
organelle/membrane, nucleus and cytoskeleton fractions,
respectively. Then, inter-image spot matching was carried out
by BVA module. In this step, an average of 1188, 1295, 1105 and
1052 spots were matched on the cytosol, organelle/membrane,
nucleus and cytoskeleton gels, respectively. Also in thismodule,
an average of standardized volume ratio and unpaired Student's
t test, were calculated.
Protein spots with 1.5-fold as a threshold in the average
ratio with p<0.05 between control macrophages and macro-
phages upon interaction for each fraction were considered.
The analysis resulted in 10 spots increased and 10 spots de-
creased in the cytosolic fraction (Fig. 1), 11 spots increased in
the membrane/organelle fraction (Fig. 2), 4 spots increased
and 6 decreased in the nuclear fraction (Fig. 2) and 70 spots in-
creased and 7 decreased in the cytoskeleton fraction (Supple-
mentary Fig. S.2) of macrophages after 3 h of interaction with
the yeast.
3.2. Identification of differentially expressed proteins
For protein identification, spots were selected, digested in-gel
and analyzed by MALDI-TOF-MS. Mascot database search
using the peptide mass fingerprint spectra allowed the identi-
fication of the proteins in 25 of the 44 spots obtained from the
gels from cytosol, organelle/membrane and nucleus fraction.
Proteins identified as altered in macrophages are listed in
Table 1, with detailed information comprising accession num-
ber, pI, MW and identification parameters. The corresponding
spots are depicted on DIGE gel images in Figs. 1 and 2.
Fig. 2 – Representative 2-DE of organelle/membrane (A) and nuclear (B) enriched fractions of RAW264.7 cells after interactionwith
C. albicans. Proteinswere resolved in the 3–11 (non linear) pH range on the first dimension, and on 10% polyacrylamide gels on the
second dimension. Proteins that exhibited a significant alteration in expression in macrophages after the interaction with C.
albicanswere identified by MALDI-TOF/TOF mass spectrometry, and are listed in Table 1 by the same name as that in the figure.
Circled spots matched with down-expressed proteins after interaction with the yeast and spots included into triangles matched
with over-expressed proteins.
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A database search (BLK Proteome (Biobase), PubMed and
MGI) was carried out to analyze the protein function to as-
sign them into different functional groups. As it can be ob-
served in Table 1, proteins identified in the cytosol
enriched fraction are involved in stress response and protein
fate, oxidoreductase activity, signal transduction, transla-
tion and lipid metabolism and transport. Most of the pro-
teins identified in organelle enriched fraction are related to
Table 1 – Functional classification of macrophages' differentially abundant proteins of cytosolic, membrane and nuclear














Hnrph1 O35737 Heterogeneous nuclear ribonucleoprotein H1 3.67 0.0012 Nucleus 49.19 5.67 490 6/6 18
Hist1h1a P43275 Histone cluster 1, H1a
K.SLAAAGYDVEKNNSR.I (47)
−1.91 0.02 Nucleus 21.78 10.93 47 1 7
Hist1h1t Q07133 Histone cluster 1, H1t
K.ALAAAGYDVEKNNSR.I (69)
−2.04 0.16 Nucleus 21.54 11.71 69 1 7
Translation
Eef2 P58252 Eukaryotic translation elongation factor 2 1.56 0.34 Cytosol 96.22 6.51 159 27/65 30
Eprs Q8CGC7 Bifunctional aminoacyl-tRNA synthetase 1.63 0.0039 Cytosol 170 7.62 311 35/65 21
Stress response and protein fate
Pdia3,
GRP58
P27773 Protein disulfide isomerase associated 3 −2.12 0.35 Cytosol 56.67 5.81 185 24/65 38
Hspa5,
GRP78
P20029 Heat shock protein 5 −2.27 0.26 Cytosol 72.49 5.01 328 36/65 51
Hsp90b1,
GRP94
P08113 Tumor rejection antigen gp96 −1.96 0.25 Cytosol 92.71 4.74 229 34/65 33
Hspd1 P63038 Heat shock protein 1 (chaperonin) −2.82 0.25 Cytosol 60.95 5.36 96 14/49 33
Napa Q9DB05 N-ethylmaleimide sensitive fusion protein
attachment protein alpha
−2.43 0.031 Nucleus 33.19 5.25 84 6/12 22
Ppia P17742 Peptidylprolyl isomerase A 2.04 0.008 Membrane 17.97 7.88 95 8/34 31
Signal transduction
Lgals3 P16110 Galectin 3, Lectin galactoside-binding soluble 3 1.85 0.032 Membrane 27.51 8.5 88 7/17 23
Pdia6 Q922R8 Protein disulfide isomerase associated 6 −1.68 0.12 Cytosol 48.46 5 110 10/69 19
Ptpn6 P29315 Protein tyrosine phosphatase, non-receptor type 6 1.79 0.041 Cytosol 67.55 7.66 135 17/57 33
Ptges3 Q9R0Q7 Prostaglandin E synthase 3 2.21 0.0034 Cytosol 18.72 4.36 87 7/29 35
Lipid metabolism and transport
Isyna1 Q9JHU9 Inositol-3-phosphate synthase 1/Myo-inositol-1-
phosphate synthase
−2.21 0.017 Cytosol 60.93 5.99 135 16/65 40
Pitpna P53810 Phosphatidylinositol transfer protein, alpha 1.5 0.4 Cytosol 31.97 5.98 109 8/20 39
Oxidoreductase activity
Pdia1 P09103 Protein disulfide-isomerase precursor −2.56 0.043 Cytosol 57.14 4.91 138 18/64 33
Prdx1 P35700 Peroxiredoxin 1 −2.58 0.005 Cytosol 22.18 8.73 204 13/45 54
Mitochondrion structure and function
Immt Q8CAQ8 Inner membrane protein, mitochondrial 2.88 0.0004 Membrane 84.24 6.18 96 18/65 28
Uqcrc1 Q9CZ13 Ubiquinol-cytochrome c reductase core protein 1 3.82 1E-05 Membrane 53.42 5.75 201 23/65 46
Cytoskeletal structural constituents and actin binding proteins
Actb P60710 Actin, beta 1.78 0.04 Membrane 41.73 5.29 155 6/18 15
Actb P60710 Actin, beta 1.69 0.0062 Nucleus 41.73 5.29 155 6/18 15
Lcp1 Q61233 Plastin-2 (L-plastin) 1.66 0.21 Cytosol 70.73 5.2 222 26/52 41
Vim P20152 Vimentin 2.37 0.4 Membrane 51.59 4.96 150 17/48 46
a Protein name and accession number according to Human PSD and GPCR-PD human, mouse and rat database (Mouse Protein Report with PSD
Interactions) of Proteome Bioknowledge Library (https://www.proteome.com/control/tools/proteome). These protein spots are labeled with the
same Protein ID in Figs. 1 and 2.
b Experimental molecular mass, pI, matched peaks/unmatched peaks' peptides and protein score are derived from Mascot result page.
c Average ratio and Student's t-test p-values were calculated using Decyder software v6.
d The protein coverage corresponds to a percentage in proteins identified by peptide mass fingerprinting. For proteins identified by PMF
combined with fragmentation analysis of some peptides, the protein coverage and the protein score data are derived from the Mascot results
page of the combined search. The sequences of the peptides that were identified by TOF/TOF analysis are shown in the protein name column
and the individual ion score of the fragmented peptides are shown in brackets.
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mitochondrion and cytoskeleton. In addition a membrane
receptor, Galectin-3, was identified. And the proteins identi-
fied in the nuclear fraction are mostly related to nucleic acid
processing. The abundance of proteins involved in signal
transduction and stress response was somehow predictable
because the interaction with the yeast is a stress for
macrophage.
With respect to the already described sub-cellular location
of the proteins in the databases, 90% of the proteins were iso-
lated and identified in a fraction consistent with previously
published works.
3.3. Validation of differentially expressed proteins
To confirm proteomic results, Western blotting experiments
were performed using antibodies against one protein per
fraction. The proteins selected were: Peroxiredoxin-1 for the
cytosol fraction, Galectin-3 for the membrane/organelle frac-
tion and Histone H1.1 for the nuclear extract. In addition,
some biological processes related to the identified proteins
were assayed.
3.3.1. Peroxiredoxin-1 decrease and ROS increase in the
macrophages upon C. albicans interaction
As it can be observed in Fig. 3, Peroxiredoxin-1 decreases in
the cytosolic fraction after the interaction, in agreement
with the DIGE data (Fig. 1, Table 1). This decrease could be
accompanied by an increase in the oxidative stress inside
macrophages. To check this question, we measured the
generation of free radical species of oxygen inside the mac-
rophage after the incubation with/without C. albicans by
flow cytometry using DHR123 as a reporter of ROS production.
As shown in Fig. 4, intracellular ROSproduction inmacrophages
increases in 45% (45 min) and 39% (3 h) with respect to control
cells (p=0.01).
3.3.2. Histone H1.1 decrease
The Histone H1.1 decrease in the nuclear enriched fraction
(Table 1) was validated by western blotting (Fig. 2). Histones
are proteins directly related to the DNA function, thus, its
presence in the nuclear fraction was expected. Only two iso-
forms (H1a and H1t) were detected as decreased. As Lin and
co-worker showed, the deletion of these two genes in mice is
partially compensated by the other H1 isoform genes thus al-
though the expression of some genes is affected, the mice
showed no phenotypic abnormalities [26].
3.3.3. Galectin-3 allocation and secretion in macrophages after
the interactionwith C. albicans. Candidacidal effect ofmacrophage
supernatants
DIGE revealed an increase in the expression levels of Galectin-3
after the interaction in the organelle/membrane fraction (Fig. 2,
Table 1), and this was confirmed by western blotting (Fig. 3).
Galectin-3 is found in the phagocytic cups and phagosomes
[27] and it is also secreted [28,29]. This distributionwasobserved
by immunofluorescent staining, in which the lipophilic dye
PKH26 (red) was used to stain cell membranes, Galectin-3
appeared in green, while nuclei were stained with DAPI (blue),
and by western blotting. Confocal images showed considerable
overlap between Galectin-3 and PKH26 (yellow area) in phago-
cytic cups of macrophages after the interaction with respect to
control macrophages (Fig. 5). The protein level in cytoplasm
and membrane/organelle enriched fractions was also checked
by 2D-western blotting in the same samples (Fig. 6A), showing
an overall increase in the protein species of Galectin-3 in the or-
ganelle/membrane enriched fraction during the interaction and
a decrease in the cytosolic ones. The secretion of Galectin-3was
also measured by 1D-western-blotting (Fig. 6B), showing that it
is independent of the presence of C. albicans, although it is in-
creased along the interaction. Direct candidacidal action of
Galectin-3 has already been shown by other authors [30].
Fig. 3 – Confirmation of differential expression of Peroxiredoxin 1, Galectin-3 and Histone H1.1 in cytosol, organelle/membrane
and nucleus fraction of RAW 264.7 macrophage. Fractions were separated on 10% 1D-SDS-PAGE gels and transferred onto
nitrocellulose membranes. Western blotting for Peroxiredoxin 1, Galectin-3 and Histone H1.1 in cytosol, membrane and nucleus
fraction, respectively, was performed. Decrease of Prdx1 and HisH1.1 and increase of Gal3 can be observed in the relative
densitometry. Data are expressed as the means±SD for each group. Significant differences from control are indicated
(*, p<0.05; **, p<0.01; ***, p<0.001).
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Thus, candidacidal activity of themacrophage supernatant was
measured, and it resulted in 50%of the totalmacrophage candi-
dacidal activity after 3 h of incubation at a 1:1 ratio of Candida:
macrophages (Fig. 6C).
4. Discussion
Macrophages are important cells for the eradication of path-
ogens from the tissues. Our group has boarded the study of
its interaction with C. albicans trying to find both new viru-
lence traits of this opportunistic pathogen and new mecha-
nisms responsible for its destruction. In previous works
[17,18], we have studied the differential protein expression
of RAW264.7 after 45 min of interaction with C. albicans.
These studies allowed us to conclude that many processes
were affected: cytoskeleton organization, signal transduc-
tion, metabolism, protein biosynthesis, stress response and
protein fate. We observed a pro-inflammatory response that
was very important at 3 h of incubation with the yeast. How-
ever, many of the protein spots that showed variation could
not be identified, most of them, probably, because they were
lower in abundancewith respect tomajor proteins (metabolic
proteins, for example). Thus, we decided to get different sub-
cellular extracts: cytosol, organelle/membrane and nucleus
and cytoskeleton enriched fractions. The analysis of the frac-
tions by DIGE technology allowed the comparison of different
biological replicates of the two studied conditions using less
number of gels than in other classical approaches and with
a pooled internal standard thatmakes easier the correct loca-
tion of the spots. In this work, three fractions were analyzed
in more detail: cytosol, organelle/membrane and nucleus,
and some proteins were validated. The cytoskeleton frac-
tion unraveled many differences between control and inter-
acting macrophages but the amount of protein was
insufficient for protein identification. This fraction is being
extracted by more selective methods and analyzed by
other proteomic techniques (Reales-Calderón et al., unpub-
lished results).
4.1. Differential protein expression
Proteins that were identified are grouped regarding to their
molecular function in Table 1. In this section, the hypotheti-
cal role of its variation during the interaction will be
discussed.
Fig. 4 – Oxidative stress measurement in RAW 264.7 cells after interaction with C. albicans with dihydrorhodamine-123. (A)
Microscopic images of RAW 264.7 control (A.1) and after 45 min (A.2) and 3 h (A.3) of interaction with C. albicans. Green
fluorescence shows intracellular oxidative species levels. (B) Representative scatter dot plot (FSC = forward scatter, SSC = side
scatter, FL-1 = dihydrorhodamine123) of control macrophages (B.1) and after 45 min (B.2) and 3 h (B.3) of interaction. The values
show the mean of the fluorescence positive population.
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4.1.1. Increase in oxidative and pro-inflammatory responses
As can be observed in Table 1, proteins related to oxidoreductase
activity are decreased (Prdx1 andPdia1), and this decrease can be
responsible for increasing the oxidative level inside macro-
phages (Fig. 4). The cytosolic Peroxiredoxin 1 is the most abun-
dant and ubiquitously distributed member of the mammalian
Prdxs [31]. It is up-regulated by various oxidative stress stimuli
[32–34] to protect against oxidative injury, thus its knock-down
increases the ROS levels [35].
Another contribution to the oxidative stress inside macro-
phages, can be the increase in Uqcrc1p, a protein involved in
the cellular red ox milieu, that increases as well in human
lung carcinoma cells infected withMycoplasma pneumoniae [36].
With respect to the effect on the inflammatory response,
the decrease in Prdx1and Pdia1 can have a pro-inflammatory
effect on RAW 264.7 macrophages, as it has been described
that both proteins can suppress the NF-κB pathway and the
consequent inflammatory response [37–40]. Also important
are the decrease in Pdia6 [41] and Hspd1 [42] and the increase
in Galectin-3 and Vimentin. Galectin-3 has been described as
an important contributor to the development of a pro-
inflammatory response to C. albicans [43] and to the increase
in the oxidative response of macrophages [44]. The Vimentin
increase in membranes contributes in a similar way to that
of Galectin-3, as it has been described as surface exposed
and secreted by activated human macrophages, and it has
been involved in microorganism killing and in oxidative me-
tabolite production [45].
On the other hand, there are anti-inflammatory signals,
like the increase in Ptpn6 (SHP-1), a protein tyrosine
phosphatase that acts as a negative regulator of both innate
and acquired immune cytokine signaling [46], the decrease
in Hspa5 [18,47], or the increase in Ptges3 levels [48].
As it has already been described for ourmodel of interaction,
pro-inflammatory signals are successful during the interaction
[18].
4.1.2. Pro and anti-apoptotic signals
Apoptosis is a very important process for immune cells. For
J774 macrophages, the induction of apoptosis by C. albicans
phospholipomannan has been described [49], however in our
model of interaction, RAW 264.7 macrophages display both
pro and anti-apoptotic signals.
As anti-apoptotic signals, we can point out to the increase
in Eef2p, Galectin-3 [50], Hnrph1, Pitpna and Vimentin.
Vimentin is a substrate for caspases [51,52], however, when
Jurkat cells are transformed with a caspase resistant Vimentin,
these cells are more resistant to apoptosis [51,53]. The Pitpna
overexpression significantly increased mouse fibroblast re-
sistance to apoptosis [54]; Eef2p is required to maintain ex-
pression of the anti-apoptotic protein Mcl-1 [55], and
Hnrph1 is necessary to block MST-2 apoptotic route in cancer
cells [56]. All these results suggest an important anti-
apoptotic tendency.
But, on the other hand, the variation of other proteins can
be pointing out to an induction of the apoptotic routes. As it
can be observed in Table 1, the proteins related to oxidoreduc-
tase activity (Prdx1 and Pdia1) and the ones related to stress
response, above all the ER response ones (Napa and GRP78),
are decreased. This fact is critical for the susceptibility of the
Fig. 5 – Co-localization of Galectin-3 with membranes of murine macrophages after interaction with C. albicans. Representative
sections of control RAW 264.7 and after co-culture with the yeast at a 1:1 ratio. Membranes were stained using pKH26 dye (red)
and Galectin-3 with anti-galectin-3 mAb (green) respectively. Blue color (DAPI) shows macrophage nuclei. Arrows point out to
the co-localization of Galectin-3 with pKH26 (yellow).
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cells to apoptosis as it has been shown in several works: the
decrease in Prdx1 and Pdia1 is increasing the susceptibility
to ROS induced cell death [35] and the silencing ofNapa contrib-
utes to apoptosis [57]. With respect to GRP78 (BiP, Hspa5), this
protein is a member of the unfolded protein response pathway
(UPR) and a marker for apoptotic cells [58,59].
Other protein variations that might be indicating apoptosis
are the decrease in Isyna1, a protein required to suppress cell
death in Arabidopsis thaliana [60]; the increase in Ptpn6 (SHP-1),
that acts on inhibitors of JNK, thus positively regulating apo-
ptosis [61] and the decrease in α-SNAP, whose knock-down
sensitizes cells to apoptosis-inducing agents [62].
To reveal which signals take over during the interaction,
experiments with antibody arrays (Panorama Cell Signalling
Antibody Arrays, SIGMA) at different times of interaction (1,
3 and 6 h) have been done. Preliminary results show no in-
crease in the caspases 3 and 9 activation at these times of in-
teraction (data not shown). However, validation tests and
further experiments with other apoptotic markers have to be
done before reaching a conclusion.
4.1.3. Effect on immune response
A virulence trait of many pathogens is the inhibition of the
immune response of the host cells. Our proteomic approach
allowed us the detection of immunological processes that are
the target for pathogenvirulence factors. In ourmodel of interac-
tion, we have detected a decrease in Hsp90b1 (GP96), Pdia3,
α-SNAP, GRP78 and Pdia1 (PDI), all of them necessary for the de-
velopment of a correct immune response, and an increase in
Ptpn6 (SHP-1), a negative controller of both innate and acquired
immune cytokine signaling [46]. Hsp90b1 (GP96) acts as chaper-
one for TLR receptors in macrophages thus being necessary for
the development of antimicrobial response [63], it has been de-
scribed as a target for an intracellular bacteria, Orientia tsutsuga-
mushi [64], thus, the same can be happening for C. albicans.
Mutant mice lacking Pdia3 have defects in the MHC class I
peptide-loading complex assembly [65], and GRP78 and Pdia1
seem to be necessary for antibody folding [66]. With respect to
phagocytosis, the decrease in α-SNAP can be impairing the effi-
cient fusion of phagosomes with the early endosomes [67].
On the other hand, many other proteins might be intensi-
fying the immune response of macrophages: the increase in
L-plastin (Lcp1) is crucial for the formation of lamellipodia, en-
abling T cell activation [68] and the increase in Galectin-3 levels,
also involved in immune reactions (revised in [69]). Besides, as
previously discussed, the pro-inflammatory and the oxidative
stress responses are increased to destroy the pathogen.
4.1.4. Increase in Galectin-3
Galectin-3 is a lectinwith important effects on immune cells: it is
involved in inflammation, apoptosis, phagocytosis and adhesion
to different molecules (revised in [69]). With respect to the inter-
action with C. albicans, Galectin-3 has already been described as
a beta 1,2-linked oligomannosides adhesine [70], able to discrimi-
nate between C. albicans and Saccharomyces cerevisiae. It is over-
expressed in macrophages in response to C. albicans [71] and it
is necessary for the specific recognition of C. albicans both by
mouse [72] and by humanmacrophages [73], contributing in the
development of a pro-inflammatory response to C. albicans [43].
Our DIGE results showed an over-expression of Galectin-3
in cytoplasmic membrane, and, as the 2D-western blotting
proved, there is a different distribution of the protein in re-
sponse to C. albicans (Fig. 6A). Its secretion, although produced
in control macrophages, is stimulated by the interaction with
the yeast (Fig. 6B).
Also, the specific direct binding of Galectin-3 to Candida
beta-1,2-linked oligomannosides has a candidacidal effect [30],
thus, its secretionmight be contributing to the total candidacidal
activity of macrophages. In our experimental model, the super-
natant itself has the 50% of the total candidacidal activity of
RAW 264.7 macrophages (Fig. 6C), not only attributable to
Galectin-3, but to thewide variety of substances with antimicro-
bial effect that macrophages secrete as well, as NO [11,12] or
Vimentin [45].
5. Conclusions
This sub-proteomic approach has allowed us to identify 17
new proteins involved in the interaction of macrophages
with C. albicans that were not detected in our previous studies.
Fig. 6 – A) Galectin-3 expression in RAW 264.7 macrophages
after the interaction with C. albicans in cytosol and organelle/
membrane enriched fractions. Comparative 2D-PAGE
western-blotting of Galectin-3 levels in cytosol andmembrane
enriched fractions. The image shows the sectioncorresponding
to Galectin-3 MW and pI. B) Galectin-3 secretion.
Western-blotting analysis of Galectin-3 secretion in culture
supernatant from control macrophages (C) and
macrophages+C. albicans (I) at different times of interaction. C)
Candidacidal activity of RAW 264.7 supernatants. The values
in they axis represent the percentage ofC. albicansSC5314CFU
inhibition after 3 h of treatment with RAW 264.7 supernatant
or after 3 h of interaction with RAW 264.7 macrophages
with respect to untreated cells. The values are the mean
±S.D. of three independent experiments.
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First of all, fewmetabolic proteins have been identified among
the differentially expressed, supporting the importance of an-
alyzing sub-cellular fractions to detect variations in proteins
that are less abundant than the metabolic ones. As already
described, there is a significant decrease in proteins involved
in ER stress response, thus affecting Unfolded Protein Re-
sponse and protein transport; this effect could be a fungal vir-
ulence trait. It was not surprising to find a pro-inflammatory
effect of many of the protein variations, an increase in the ox-
idative stress and in the cytoskeleton related proteins, as they
are part of the phagocytic response. The effect of the protein
variation on apoptosis will be studied in future works, as we
found pro and anti-apoptotic signals. Mitochondrion is a
very important structure that will deserve more studies.
With the current approach, 2 mitochondrial proteins have
been identified that could not be observed in total extracts.
Besides, the study of different fractions allowed us to detect,
not only the increase, but the distinct distribution of
Galectin-3 along the interaction. To summarize, the sub-
proteomic approach has been a very useful tool to identify
new proteins involved in host defense against C. albicans.
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Fig. S.2. Representative 2‐DE of  cytoskeleton enriched  fraction of RAW 264.7  cells after  interaction 
with C. albicans. Proteins were resolved in the 3–11 (non linear) pH range on the first dimension, and on 
10% polyacrylamide gels on the second dimension. Circled spots matched with down‐expressed proteins 














The  recognition  of  Candida  albicans  and  it’s 
phagocytosis by macrophages causes the activation 
of  different  proinflammatory  pathways  and  a 
variety  of  morphological  changes  to  catch  and 
contain  C.  albicans.  Phagocytosis  comprises 
multiple  events:  particle  binding,  actin  assembly, 
membrane remodelling, and pseudopod extension 
and phagosomes closure. 





70  spots  with  differential  expresión  between 
control and interacting macrophages where shown 
in  the  cytoskeletal  enriched  fraction  [1],  proteins 
couldn’t be  identified because of  the  low amount 
of protein obtained by this technique. 
The  cytoskeleton  is  a  cellular  “skeleton”  and  its 
dynamic  structure  maintains  cell  shape,  enables 
cellular  motion,  intracellular  transport,  cellular 
division,  phagocytosis,  and  membrane 
organization.  Eukaryotic  cells  contain  three main 
types  of  cytoskeletal  filaments:  microfilaments, 
intermediate  filaments,  and  microtubules, 
composed mainly  of  actin,  vimentin,  and  tubulin, 
respectively. 
The objective of the present study was to improve 
the  cytoskeleton  extraction  to  identify  the 
constituents  of  the  macrophage  cytoskeleton  by 
proteomic  profiling  and  their  changes  upon 
interaction with C. albicans. 
Several  subproteomic  methods  have  been 
described as useful to isolate cytoskeletal proteins, 
using  specifics  kits  and  buffers,  however most  of 
them  had  a  slight  enrichment  in  the  proteins  of 
interest.  For  the  present  study,  we  chose  a 
technique described by Funchal et al  [4] that uses 
two  buffers  (Low‐salt  (LS)  and  High‐salt  (HS))  to 
isolate different cytoskeletal fractions. The Low Salt 
Buffer  allows  the  isolation  of  proteins  from 
intermediate  filaments,  tubulins,  actin  and 
cytoskeletal  associated  proteins,  while  with  the 
treatment  with  High  Salt  Buffer  produces 
enrichment  in  intermediate  filaments  and 
associated proteins. The fractions obtained showed 
an  important  increase  in  the  percentage  of 
cytoskeletal  and  cytoskeletal‐related  proteins, 
allowing  us  the  quantitative  analysis  of 





C.  albicans  SC5314  was  the  strain  used  in  this 
study,  from  a  clinical  isolate  [5].  This  strain  was 
maintained  on  solid  YED medium  (1%  D‐glucose, 
1% Difco Yeast Extract and 2% agar) and incubated 
at  30ºC  for  at  least  2  days.  Blue  Fluorescent 




RPMI  1640 medium,  fetal  bovine  serum  (FBS),  L‐
glutamine, and antibiotics (penicillin‐streptomycin) 




N.Y.).  Cell‐line macrophages were  resuspended  in 
RPMI  supplemented  with  glutamine  (2mM), 
antibiotics  (penicillin  100U/ml‐streptomycin  100 
g/ml),  and  10%  heat‐inactivated  fetal  bovine 
serum (complete medium).  
Macrophage cell line 
The  RAW  264.7  gamma  NO  (‐)  cell  line  was 
obtained  from  the  American  Type  Culture 
Collection  (Rockville,  Md.).  Cells  were  grown  in 
complete medium  in  a  5% CO2  incubator  at  37ºC 
and maintained at  low densities  (75% confluence) 




after  3h  of  interaction  with  C.  albicans  SC5314 
(ratio  1:1)  were  obtained  with  two  different 
buffers: High‐Salt and Low‐Salt buffers. 
- High‐Salt Buffer 
After  the  interaction,  25x107  control  and 
stimulated  macrophages  were  washed  with  PBS 
and then, lysed in 1 ml of ice‐cold HS buffer (5 mM 
KH2PO4, 600 mM KCl, 10 mM MgCl2, 2 mM EGTA 
and  1  mM  EDTA  (pH  7.4),  1%  Triton  X‐100  and 
1:1000  protease  inhibitor  cocktail).  The  pH  was 




500  µl  of  ice‐cold  HS  buffer,  extracted  and 
centrifuged as above.  
The  pellet  obtained  was  a  cytoskeletal  fraction 
enriched  in  intermediate  filaments and associated 
proteins. 
-  Low‐Salt Buffer 
25x107  macrophages  control  and  after  the 
interaction with C. albicans, were washed with PBS 
and  then  lysed  in 1 ml of  ice‐cold  LS buffer A  (50 
mM Tris‐HCl (pH 7.4), 5 mM EGTA, 1% Triton X‐100 
and 1:1000 protease  inhibitors  cocktail) during 10 
min  at  4ºC.  Then,  samples  were  centrifuged  at 
15000g  for  10 min  at  4ºC.  The  insoluble material 
was  resuspended  in 500 µl of  ice‐cold LS buffer B 
(50 mM Tris‐HCl (pH 7.4), 5 mM EGTA, 1% Triton X‐
100, 0.85 M sucrose and 1:1000 protease inhibitors 
cocktail).  After  10  min  in  ice,  the  pellet  was 
separated by  centrifugation at 15000g  for 10 min 
at 4ºC. 
The  pellet  obtained  was  a  cytoskeletal  fraction 




of  MES  buffer  (50  mM  MES  ([N‐morpholino] 









Samples  were  washed  twice  with  DB2  (20mM 
TEAB,  0.5%  Sodium  Deoxycolate)  and  alkylated 
with  50 mM  Iodoacetamide during  20 min  in  the 
dark.  After  two  washes  with  DB2,  digestion  was 
started  by  adding  Trypsin  (Promega)  1:100.  After 
4h  in  the dark at RT  in wet atmosphere, peptides 
were collected into a clean collection tube and the 
amicon  was  washed  with  DB2  and  collected  the 
flow‐through.  Samples  were  acidified  with  0,5% 
TFA  final,  and  SCD‐precipitates  forms  were 
separated by centrifugation 5 min at 16000g. 




Facility  of  Universidad  Complutense  de  Madrid‐
Parque Científico de Madrid,  Spain  (UCM‐PCM), a 
member of ProteoRed Network.  
Digested  peptides  were  analyzed  by  LC‐MS/MS 
using a Surveyor LC system coupled to a  linear  ion 
trap  mass  spectrometer  (model  LTQ,  Thermo 
Electron,  San  Jose,  CA).  Peptides  were 
concentrated and desalted onto an RP trap column 
(PepMap  C18  μ‐precolumn,  300 mm  id  ×  1 mm; 
Dionex,  Amsterdam,  The  Netherlands)  for  5  min 
and  eluted  online  onto  an  RP  analytical  column 
(Biobasic C18, 0.18 id × 150 mm, Thermo Electron) 
operating  at  2  μL/min  and  using  the  following 
gradient: 5% B  for 3 min, 5‐70% B  for 60 min and 
95% B  for 5 min  (solvent A: 0.1%  formic acid, 2% 
acetonitrile;  solvent  B:  0.1%  formic  acid,  80% 
acetonitrile).  The  LTQ  was  operated  in  data‐
dependent  MS  experiments:  full‐scan  MS  (400‐
1600  m/z)  plus  top  five  peaks  Zoom/MS/  MS 
(isolation width 2 m/z), normalized collision energy 
35%.  
The  scanning  was  performed  using  a  dynamic 







without  taxonomy  restriction,  containing  269293 
and  4672908  sequence  entries  respectively  for 
each  software  version  and  database  release.  The 
following database  search parameters were used: 
peptide tolerance, 2 Da; fragment  ion tolerance, 1 
Da; missed  cleavage  sites, 1.0;  fixed modification, 
carbamidomethyl  cysteine  and  variable 
modifications,  methionine  oxidation.  A  peptide 
probability  of  10‐3  and  the  crossing  correlation 
score  (Xcorr)  of  2.0  (+2),  2.5  (+3)  were  used  as 
cutoff  filters.  To  estimate  the  false  positive  rate 
(FDR)  a  search  in  the  decoy  database  was 
performed.  
Confocal Microscopy 
2x105  RAW  264.7  macrophages  were  grown  on 
glass coverslips onto a p12 plate and  treated with 
C. albicans  for 3h.  The  coverslips were  fixed with 
4% formaldehyde  in PBS for 20 min at RT, washed 
twice  with  PBS  and  cell  membranes  were 
permeabilized for 15 min with PBS containing 0.2% 
Tween‐20 at room temperature. After two washes 
with  PBS,  the  coverslips  were  incubated  with 
Binding Buffer (0.1% Saponin, 0.2% BSA in PBS) for 
30 min  and  overlaid  with  Anti‐Vimentin  or  Anti‐
Moesin  antibody  (Sigma‐Aldrich,  diluted  1:1000), 
incubated for 1h, washed with Binding Buffer three 
times  and  incubated  for  1h with  Alexa  Fluor  568 
anti‐rabbit and with 1/2000 Phalloidin FITC (Sigma‐





Live  Cell  imaging  spinning  disk  confocal  system 
mounted on a Zeiss Axiovert 200M with a 63x and 
100x  1.4NA  oil  immersion  objectives.  Excitation 
light  was  generated  by  gas  and  solid  state  laser 
(Argon  laser for 488 nm, Krypton  laser for 568nm, 
solid  state  laser  for  405  nm  and  647  nm)  and 
passed  through an AOFT  for wavelength  selection 
and  laser  power  control.  A  quadrupole  bandpass 
filter  separated  the  excitation  and  emission  light 
inside  the  CSU‐22  confocal  scanhead  (Yokogawa) 
and  a  filter  wheel  (Prior  Scientific)  provided 
selection  of  emission  Filters  (TagBFP &  RFP:  dual 




Volocity  image  acquisition  software  was  used  to 




Cytoskeleton  constitutes  a  dynamic  compound  in 
macrophages  during  infection.  Cytoskeletal  and 
cytoskeletal‐associated  proteins  are  implicated  in 




albicans  infection.  Two  different  Triton  insoluble 
fractions,  HS  (containing  intermediate  filament 
subunits and vimentin) and LS (tubulins, actins and 
intermediate  filaments),  were  extracted  and 
analysed  by MS/MS  to  obtain  the whole map  of 
cytoskeletal and cytoskeletal‐related proteins. 
RAW  264.7  macrophages  cytoskeleton 
enrichment 
Control  RAW  264.7 macrophages  and  after  3h  of 
interaction with  C.  albicans  SC5314  cells  at  a  1:1 
ratio, were  treated  as  described  in Materials  and 
Methods to obtain 2 different and complementary 
enriched  cytoskeletal  samples:  high‐salt  and  low‐
salt.  These  samples  were  analysed  separately  by 
MS/MS to identify cytoskeletal proteins.  
- Identification of cytoskeletal proteins 
For  protein  identification,  samples were  digested 
in‐solution  and  analysed  by  MALDI‐TOF‐MS. 
Mascot  database  search  using  the  peptide  mass 
fingerprint spectra allowed the identification of the 




relation  with  the  cytoskeleton.  As  it  can  be 
observed  in  Tables  1‐4,  HS  buffer  had  a  higher 
number  of  cytoskeletal  related  proteins  than  LS 
buffer, and after interaction there was an increase 
in  the  number  and  percentage  of  cytoskeletal 






procedure  more  than  the  30%  of  the  proteins 
identified was cytoskeleton related.  
Along  these  extractions, we  had  differences with 
respect  to  the  quantity  of  protein  yield.  While 
when using LS buffer  the same number of control 
and  interacting macrophages  rendered  the  same 
protein  amount,  when  the  extraction  was  done 
with  HS  buffer,  the  interacting  macrophages 
rendered  almost  50% more  protein  amount  than 
the control macrophages. This fact might be due to 
the presence of C. albicans proteins associated  to 
cytoskeletal  macrophage  proteins,  although  the 
viability of the yeast cells after the interaction and 
present  in  the  pellet  extraction  was  checked  by 
CFU counting and it was more than 99% of viability. 
When  searching  for  Candida  proteins  in  the  HS 
fraction,  only  around  10%  of  the  total  proteins 
were  from  the  yeast.  Thus,  the  increases  in  the 
amount of cytoskeletal proteins in our extract after 






The  same  happened  in  the  HS  samples,  where 











Protein ID  Swiss Prot  Protein Name  Score  % Cov  Nº Pept
CYTOSKELETON 
Acta1   P68134  Actin, alpha skeletal muscle  100.27  29.20  46 
Actb   Q8BFZ3  Actin, cytoplasmic 1  124.38  36.30  31 
Actbl2   Q8BFZ3  Beta‐actin‐like protein 2  8.21  4.80  3 
Actg1   Q9QZ83  Gamma actin‐like protein  30.33  5.60  4 
Actl6a   Q9Z2N8  Actin‐like protein 6A  20.33  10.00  2 
Actr2   P61161  Actin‐related protein 2  10.28  4.30  2 
Actr3   Q99JY9  Actin‐related protein 3  20.25  6.50  2 
Capzb   P47757 
Isoform 2 of F‐actin‐capping protein 
subunit beta  10.20  7.40  1 
Des   P31001  Desmin  10.23  2.60  1 
Krt1   P04104  Keratin, type II cytoskeletal 1  10.17  1.90  1 
Krt8   P11679  Keratin, type II cytoskeletal 8  8.16  2.40  1 
Lamb1‐1   P02469  laminin B1 subunit 1  10.20  0.80  1 
Lbr   Q3U9G9  Lamin‐B receptor  10.26  2.40  1 
Lmna   P48678‐3  Isoform C2 of Lamin‐A/C  40.29  14.70  5 
Lmnb1   P14733  Lamin‐B1  10.29  4.10  1 
Mybbp1a   Q7TPV4  Myb‐binding protein 1A  50.34  6.20  1 
Myh9   Q8VDD5  Myosin‐9  10.27  1.00  1 
Npm1   Q61937  Nucleophosmin  30.32  14.00  3 
Plec1   Q9QXS1‐16  Isoform PLEC‐1I of Plectin‐1  20.31  0.90  1 
Prph   P15331‐1  Isoform 5g of Peripherin  10.19  2.10  1 
Tubb2b   Q9CWF2  Tubulin beta‐2B chain  10.37  5.80  1 
Vim   P20152  Vimentin  130.25  24.00  22 
RELATED TO CYTOSKELETON 
Eef1a1   P10126  Elongation factor 1‐alpha 1  30.24  13.90  3 
Eef1a2   P62631  Elongation factor 1‐alpha 2  30.38  11.20  3 










Protein ID  Swiss Prot  Protein Name  Score  % Cov  Nº Pept 
CYTOSKELETON
Acta1   P68134  Actin, alpha skeletal muscle 110.33  31.80  47
Actb   Q8BFZ3  Actin, cytoplasmic 1 48.34  27.20  21
Actbl2   Q8BFZ3  Beta‐actin‐like protein 2 18.27  9.00  6
Actg1   Q9QZ83  Gamma actin‐like protein 10.29  5.30  2
Actl6a   Q9Z2N8  Actin‐like protein 6A 20.25  7.20  4
Arpc3   Q9JM76 
Actin‐related protein 2/3 complex subunit 
3  10.17  7.30  1 
Capza1   P47753   F‐actin‐capping protein subunit alpha‐1 20.17  12.20  2
Capza2   P47754  F‐actin‐capping protein subunit alpha‐2 10.25  5.90  2
Capzb   P47757‐2 
Isoform 2 of F‐actin‐capping protein 
subunit beta  60.28  26.10  9 
Cfl1   Q9CX22  Cofilin 1 10.16  4.80  1
Dstn   Q9R0P5  Destrin 10.22  9.70  1
Dync2h1   Q45VK7‐1 
Isoform 1 of Cytoplasmic dynein 2 heavy 
chain 1  8.15  0.40  1 
EG620772  IPI00409405.2  Similar to Cofilin‐1 isoform 1 10.20  8.40  5
Krt1   P04104  Keratin, type II cytoskeletal 1 50.32  12.90  6
Krt10   P02535‐3  keratin complex 1, acidic, gene 10 20.23  4.50  4
Krt13   P08730‐1  Isoform 1 of Keratin, type I cytoskeletal 13 10.18  2.50  2
Krt14   Q61781  Keratin, type I cytoskeletal 14 10.22  2.50  1
Krt16   Q3ZAW8  Keratin intermediate filament 16a 10.23  2.30  1
Krt42   Q6IFX2  Keratin, type I cytoskeletal 42 10.23  2.70  2
Krt5   Q922U2  Keratin, type II cytoskeletal 5 10.20  2.10  1
Krt6a   P50446  Keratin, type II cytoskeletal 6A 10.14  2.00  1
Krt73  Q6NXH9  Keratin, type II cytoskeletal 73 10.23  2.20  4
Krt78   A1L0X5  keratin Kb40 10.19  1.10  8
Krt79   Q8VED5  Keratin, type II cytoskeletal 79 10.23  2.30  4
Krt8   P11679  Keratin, type II cytoskeletal 8 8.21  2.40  11
Msn   P26041  Moesin 10.12  1.60  1
Plec1   Q9QXS1‐16  Isoform PLEC‐1I of Plectin‐1 10.14  0.30  1
Rpgrip1   Q9EPQ2‐5 
Isoform 5 of X‐linked retinitis pigmentosa 
GTPase regulator‐interacting protein 1  10.12  4.70  1 
Ssx2ip   Q8VC66  Afadin‐ and alpha‐actinin‐binding protein 10.17  2.30  1
Twf1   Q91YR1  Twinfilin‐1 20.22  6.30  3
Twf2   Q9Z0P5‐1  Isoform 1 of Twinfilin‐2 20.26  7.20  2




thrombospondin type 1 motif, 9  10.14  1.00  1 
Arhgap12   Q8C0D4  Rho GTPase‐activating protein 12 2.13  2.30  1
Ccdc79   IPI00881545.1  38 kDa protein 10.13  5.60  1
Hspa1l   P16627  Heat shock 70 kDa protein 1L 20.26  4.50  13
Hspa5   P20029  78 kDa glucose‐regulated protein precursor  100.26  20.30  30 
Hspa8   P63017  Heat shock cognate 71 kDa protein 168.26  23.70  39
Hspa9   P38647  Stress‐70 protein, mitochondrial precursor 10.20  1.80  1
Sdccag10   Q3TKY6 
Peptidyl‐prolyl cis‐trans isomerase 
SDCCAG10  10.18  5.10  1 
Slc25a4   P48962  ADP/ATP translocase 1 10.19  4.00  2
Tns3   Q5SSZ5‐1  Isoform 1 of Tensin‐3 4.15  1.20  1




Protein ID  Swiss Prot  Protein Name  Score  % Cov Nº Pept
CYTOSKELETON 
Acta1  P68134  Actin, alpha skeletal muscle  20.24  7.2  7 
Actb  Q8BFZ3  Actin, cytoplasmic 1  68.35  26.9  13 
Actbl2   Q8BFZ3  Beta‐actin‐like protein 2  8.20  4.8  2 
Ctsd  P18242  Cathepsin D precursor  10.29  4.4  2 
Krt1  P04104  Keratin, type II cytoskeletal 1  10.21  2.1  1 
Krt10  P02535‐3  keratin complex 1, acidic, gene 10  20.21  4.5  10 
Krt13  P08730‐1  Isoform 1 of Keratin, type I cytoskeletal 13  10.16  2.5  1 
Krt16  Q3ZAW8  Keratin intermediate filament 16a  10.22  1 
Krt42  Q6IFX2  Keratin, type I cytoskeletal 42  10.21  2.7  1 
Krt6b  Q9Z331   Keratin, type II cytoskeletal 6B  10.21  2.1  1 
Krt73  Q6NXH9  Keratin, type II cytoskeletal 73  10.23  2.2  3 
Krt78  A1L0X5  keratin Kb40  10.23  1.1  3 
Krt79  Q8VED5  Keratin, type II cytoskeletal 79  10.23  2.3  1 
Krt8  P11679  Keratin, type II cytoskeletal 8  8.23  2.4  3 
Mybbp1a  Q7TPV4  Myb‐binding protein 1A  20.17  1.9  2 
Nexn  Q7TPW1  Nexilin  10.14  2.5  1 
Npm1  Q61937  Nucleophosmin  10.24  7.2  1 
Tuba1a  P68369  Tubulin alpha‐1A chain  10.18  2.3  2 
Tubb2b  Q9CWF2  Tubulin beta‐2B chain  30.24  8.3  4 
Tubb4  Q9D6F9  Tubulin beta‐4 chain  10.20  2.7  1 
Tubb5  P99024  Tubulin beta‐5 chain  10.26  3.8  1 
Vdac2  Q60930  Voltage‐dependent anion‐selective channel protein 2  10.14  1.3  1 
Vim  P20152  Vimentin  30.25  9.2  3 
RELATED TO CYTOSKELETON 
Eef1a2  P62631  Elongation factor 1‐alpha 2  10.37  6.3  2 
Eef1g  Q9D8N0  Elongation factor 1‐gamma  10.23  3  1 
Eef2  P58252  Elongation factor 2  8.15  2.2  1 
Hsp90aa1  P07901  Heat shock protein HSP 90‐alpha  10.19  1.8  1 
Hsp90ab1  Q71LX8  Heat shock protein 84b  30.25  5.7  4 
Hsp90b1  P08113  Endoplasmin precursor  20.20  1.7  2 
Hspa1l  P16627  Heat shock 70 kDa protein 1L  10.24  1 
Hspa5  P20029  78 kDa glucose‐regulated protein precursor  10.30    1 











Acta1   P68134  Actin, alpha skeletal muscle  130.25  34.00  79 
Actb   Q8BFZ3  Actin, cytoplasmic 1  94.42  38.40  49 
Actbl2   Q8BFZ3  Beta‐actin‐like protein 2  26.20  10.90  14 
Actg1   Q9QZ83  Gamma actin‐like protein  20.30  5.60  8 
Actl6a   Q9Z2N8  Actin‐like protein 6A  10.22  3.00  2 
Actrt2   Q9D9L5  Actin‐related protein T2  10.16  6.10  1 
Aif1   O70200  Allograft inflammatory factor 1  10.31  11.60  1 
C230094A16Rik   Q8C4R3  16 days embryo head cDNA, clone:C130015N21  10.14  2.90  1 
Capza2   P47754  F‐actin‐capping protein subunit alpha‐2  10.18  3.50  1 
Cfl1   Q9CX22  Cofilin‐1  10.30  8.40  1 
Cfl2   P45591  Cofilin‐2  18.21  18.70  11 
Coro1a   O89053  Coronin‐1A  30.16  8.70  4 
Coro7   Q9D2V7  Coronin‐7  10.18  1.70  1 
Dstn   Q9R0P5  Destrin  10.29  9.70  4 
Fgd1   P52734  RhoGEF and PH domain‐containing protein 1  10.13  1.90  2 
Flna   Q8BTM8‐1  Isoform 1 of Filamin‐A  10.14  0.60  1 
Krt1   P04104  Keratin, type II cytoskeletal 1  20.22  3.60  7 
Krt10   P02535‐3  keratin complex 1, acidic, gene 10  20.23  4.50  7 
Krt13   P08730‐1  Isoform 1 of Keratin, type I cytoskeletal 13  10.17  2.50  1 
Krt2   Q61764  Keratin (Fragment)  10.16  3.30  2 
Krt42   Q6IFX2  Keratin, type I cytoskeletal 42  20.19  4.90  2 
Krt6b   Q9Z331  Keratin, type II cytoskeletal 6B  10.23  2.10  4 
Krt73   Q6NXH9  Keratin, type II cytoskeletal 73  10.24  2.20  3 
Krt78   A1L0X5  keratin Kb40  10.21  1.10  14 
Krt79   Q8VED5  Keratin, type II cytoskeletal 79  20.22  4.00  2 
Krt8   P11679  Keratin, type II cytoskeletal 8  8.21  2.40  14 
Lmna   P48678‐3  Isoform C2 of Lamin‐A/C  10.17  1.90  1 
Msn   P26041  Moesin  10.12  1.60  1 
Rpgrip1   Q9EPQ2‐5 
Isoform 5 of X‐linked retinitis pigmentosa 
GTPase regulator‐interacting protein 1  8.10  4.70  1 
Ssx2ip   Q8VC66  Afadin‐ and alpha‐actinin‐binding protein  8.16  2.30  1 
Tmpo   Q61820  Isoform Alpha of Lamina‐associated polypeptide 2 isoforms alpha/zeta  10.18  5.10  1 
Tpm3   P21107‐2  Isoform 2 of Tropomyosin alpha‐3 chain  10.29  6.00  1 
Twf1   Q91YR1  Twinfilin‐1  10.25  3.70  1 
Vim   P20152  Vimentin  20.21  5.40  2 
Wdr1   O88342  WD repeat‐containing protein 1  40.27  10.70  12 
RELATED TO CYTOSKELETON 
Arhgap21   A2AUE8  Rho GTPase activating protein 21  4.16  0.80  1 
Eef1a2   P62631  Elongation factor 1‐alpha 2  10.15  2.40  2 
Eef1b2   O70251  Elongation factor 1‐beta  20.29  12.40  3 
Eef1g   Q9D8N0  Elongation factor 1‐gamma  10.17  3.20  1 
Hspa1l   P16627  Heat shock 70 kDa protein 1L  30.27  6.20  21 
Hspa5   P20029  78 kDa glucose‐regulated protein precursor  130.31  29.20  23 
Hspa8   P63017  Heat shock cognate 71 kDa protein  140.27  25.50  20 
Hspa9   P38647  Stress‐70 protein, mitochondrial precursor  10.21  1.80  1 




Microscopy  analysis  of  cytoskeletal 




Moesin  and  Vimentin  during  C.  albicans 
phagocytosis,  we  did  confocal 
immunofluorescence  studies.  Vimentin  is  a 
cytoskeletal protein that  is part of  intermediate 
filaments  which  has  also  been  implicated  in 
inflammation  and  bactericidal  effects  of 
macrophages  [7‐9]. Moesin  is a member of  the 
ERM  protein  family  that  includes  Ezrin  and 
Radixin.  ERM  proteins  appear  to  function  as 







using  a  Candida‐GFP  strain.  The  distribution  of 
Moesin  was  investigated  after  the  incubation 
with  Candida‐BFP  for  30,  90  and  180  min. 
Phalloidin  staining  to  detect  F‐actin 





Vimentin  location  in macrophages  in  response 
to C. albicans 
Vimentin  showed  a  perinuclear  location  in 
macrophages  along  the  interaction  (Figure  2), 
but  displayed  no  co‐localization  with  F‐actin 






cell  dynamics  and  the  constituents  of  the 
macrophage cytoskeleton by proteomic profiling 
and  their  changes  upon  interaction  with  C. 
albicans.  With  this  new  approach  we  have 
improved  the  cytoskeleton enrichment  in more 
than 25%. This enrichment warrants the protein 
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Macrophages play a pivotal role in the prevention of Candida albicans infections. Yeast
recognition and phagocytosis by macrophages is mediated by Pattern Recognition
Receptors (PRRs) that initiate downstream signal transduction cascades by protein
phosphorylation and dephosphorylation. We exposed RAW 264.7 macrophages to C. albicans
for 3 h and used SILAC to quantify macrophage proteins and phosphoproteins by mass
spectrometry to study the effects of infection. We identified 53 macrophage up-regulated
proteins and 15 less abundant in the presence of C. albicans out of a total of 2071 identified
proteins. 922 unique protein phosphorylation sites were identified by phosphopeptide
enrichment and mass spectrometry, including 327 previously unidentified mouse protein
phosphorylation sites. 126 peptides showed an increase and 70 a decrease in their
phosphorylation level. The majority of the differentially expressed and phosphorylated
proteins are receptors, mitochondrial ribosomal proteins, cytoskeletal proteins, and tran-
scription factor activators involved in inflammatory and oxidative responses. In addition, we
identified 22 proteins and phosphoproteins related to apoptosis. The analysis of apoptotic
markers revealed that anti-apoptotic signals prevailed during the interaction of the yeast. Our
proteomics study suggests that besides inflammation, apoptosis is a central pathway in the
immune defense against C. albicans infection.
Biological significance
This work uses SILAC and SIMAC methodology combined with CPP (+ TiO2) to study protein
and phosphopeptide changes in RAW 264.7 macrophages in response to coincubation with
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responses and inhibits apoptosis in the macrophages. Our phosphoproteomic analysis
identified 327 new mouse protein phosphorylation sites.
© 2013 Elsevier B.V. All rights reserved.
1. Introduction
The polymorphic fungus Candida albicans is an important
opportunistic pathogen [1–3]. The innate immune system is
the first line of defense against a Candida infection and innate
immune defects predispose individuals to invasive candidia-
sis [4,5].
Macrophages are crucial in innate and adaptive immune
responses against systemic candidiasis [6,7]. Pathogen recog-
nition of fungal species by macrophages ismediated by Pattern
Recognition Receptors (PRRs) that recognize specific Pathogen-
Associated Molecular Patterns (PAMPs). PRRs involved in anti-
Candida immune responses are, among others, the β-glucan
receptor Dectin-1, themannose receptor (MR), the complement
system, Toll like receptors 2 and 4, Mincle and DC-SIGN [8,9].
Activation of individual receptors or receptor complexes leads
to effector responses that involve inflammatory mediators,
toxic compounds, cytokine production and secretion and anti-
gen presentation for T cells [10]. Many of these signals are
controlled by kinases, including Syk [11], Bruton's Tyrosine
Kinase [12,13] and MAPKs (Mitogen-Activated Protein Kinases),
that regulate phosphorylation cascades [14–16]. Reversible
phosphorylation at serine, threonine and tyrosine residues
regulated by kinases and phosphatases allows tailoring of
immune responses to commensal and pathogenic fungi.
The analysis of phosphorylation events in macrophages
would therefore be instrumental in understanding the com-
plex signaling events initiated after Candida recognition and
their response against systemic candidiasis. To study the
macrophage–C. albicans interaction our group has previously
applied proteomic technologies to identify the important
fungal and mammalian pathways during macrophage–yeast
encounters. On the yeast side, the prominently up-regulated
pathways can be divided into metabolism and energy, protein
fate, cellular transport, cell rescue, defense and virulence,
biogenesis of the cell wall, fungal cell type differentiation and
metal homeostasis [16]. Macrophages on the other hand
showed changes in pro-inflammatory pathways, cytoskeleton
and metabolism and pro- and anti-apoptotic signals after
exposure to Candida [17–19].
Phosphoproteomics is the large-scale analysis of protein
phosphorylation using mass spectrometry (MS)-based strate-
gies to examine phosphorylation signaling networks [20].
Recently, several phosphoproteomic techniques have been
developed for specific enrichment in phosphorylated peptides
and proteins, such as immunoprecipitation, Immobilized
Metal Affinity Chromatography (IMAC) [21], titanium dioxide
(TiO2) [22] and Calcium Phosphate Precipitation (CPP) [23] or a
combination of two techniques, such as Sequential Elution
from IMAC (SIMAC) [24].
Quantitative proteomics is the method of choice for large-
scale analysis of regulatory events in cells, tissues and whole
organisms. Stable Isotope Labeling by Amino acids in cell
Culture (SILAC) is a powerful and relatively simple method
for the accurate quantitation of proteins by mass spectrometry
[25]. Stable isotope-labeled amino acids are incorporated into
cellular proteins through endogenous protein synthesis
pathways, allowing accurate quantification of all native
proteins without any subsequent chemical modification
[25,26]. The combination of SILAC and SIMAC is a powerful
technique to assess macrophage signaling events during the
interaction with C. albicans.
The aim of the present study is the quantitative identifica-
tion and characterization of the (phospho)-protein networks
involved in the response ofmacrophages toC. albicans infection.
We used quantitative proteomics and phosphoproteomics by
SILAC to study RAW 264.7 macrophages after 3 h of interaction
with wild type C. albicans SC5314. We identified macrophage
proteins that are affected by the interaction with the yeast,
including proteins involved in inflammation, stress response
and apoptosis. 327 new protein phosphorylation sites were
identified in the RAW 264.7 mouse-derived macrophages.
2. Material and methods
2.1. Candida albicans strains
The C. albicans strain used in this study was SC5314, from a
clinical isolate [27]. This strain was maintained on solid YPD
medium (1% D-glucose, 1% Difco yeast extract and 2% agar)
and incubated at 30 °C. Blue Fluorescent Protein-expressing
C. albicans (Candida-BFP) used for confocal microscopy studies
was described by Strijbis et al. [13].
2.2. Macrophage cell line
The RAW 264.7 gamma NO (−) cell line was obtained from the
American Type Culture Collection (Rockville, Md.). Cells were
grown in completemedium in a 5% CO2 incubator at 37 °C and
maintained at low densities (75% confluence) and passaged
until reaching the confluent state, usually every 3–4 days on
sterile culture plates.
2.3. Culture medium and reagents
RPMI 1640medium, fetal bovine serum (FBS), L-glutamine, and
antibiotics (penicillin–streptomycin) were obtained from
GIBCO BRL (Grand Island, NY). Cell-line macrophages were
resuspended in RPMI supplemented with glutamine (2 mM),
antibiotics (penicillin 100 U/ml–streptomycin 100 μg/ml), and
10% heat-inactivated fetal bovine serum (complete medium).
For SILAC labeling, arginine and lysine were added in either
“light SILACmedium” (Arg0 andLys0) or “heavy SILACmedium”
(Arg6, Cambridge Isotope Laboratories CLM-2247-0.1, Lys6,
Cambridge Isotope Laboratories CLM-2265-0.1) from a concen-
tration of 100 mg/l for arginine and 50 mg/l for lysine (Arg0/
Lys0: arginine and lysine with normal “light” carbons (12C);
Arg6/Lys6: arginine and lysine derivativeswith “heavy” carbons
(13C). After five cell doublings on culture dishes, protein
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extractions of both different macrophages were tested in a LTQ
linear ion trap (Thermo Scientific) for full incorporation of the
label after five passages. Then, cells with heavy amino acids
were treatedwithC. albicans (ratio 1:1) for 3 h and cellswith light
amino acids were used as control.
2.4. Preparation of proteomics samples
For each labeling condition, RAW 264.7 macrophages were
grown in 5 large dishes (15 cm diameter) to a final cell number
of about 4 × 107 per dish. After 3 h of interaction, the light
(control) and heavy (stimulated) macrophages were washed 3
times with ice-cold PBS and then scraped and collected by
centrifugation at 1000 g.
The cell pellets were resuspended in RIPA Buffer modified
for SILAC (with 1% protease inhibitor cocktail (Roche), 5 mM
sodium fluoride, 1 mM sodium orthovanadate, 5 mM
beta-glycerol phosphate and 5 mM sodium pyrophosphate)
for 20 min with occasional vortexing. Cell lysates were
centrifuged at 12,000 g at 4 °C for 10 min, and the resulting
supernatants were collected. The protein concentrations of
the cell lysates were determined by using RC-DC assay
(BioRad).
2.4.1. 1-D SDS-PAGE separation and in-gel trypsin digestion
The light (control) and heavy (stimulated) cell lysates were
combined at 1:1 ratio (w/w), 100 μg of each, denatured by
heating in Laemmli loading buffer for 10 min at 70 °C. The
protein samples were separated by one-dimensional SDS-PAGE
using NuPage 4–12% Bis–Tris Gels and NuPage MOPS running
buffer (Invitrogen) according to the manufacturer's instruc-
tions. The gel was stained with Coomassie blue; after
destaining, the gel was cut into 10 bands. Gel slices were cut
into 1 mm3 cubes, washed twice with water, dehydrated with
100% ACN, and incubated with 10 mM DTT in 50 mM ammo-
nium bicarbonate for 30 min at 56 °C for protein reduction. The
resulting solution was subsequently alkylated by incubation
with 55 mM iodoacetamide in 50 mM ammonium bicarbonate
for 20 min at room temperature in the dark. The gel pieceswere
washed with 50% ACN and then with 10 mM ammonium
bicarbonate, dehydratedwith 100%ACN, and dried in a vacuum
concentrator. The gel pieces were rehydrated with 12.5 ng/μl of
trypsin (Promega) in 50 mM ammonium bicarbonate and
incubatedovernight at roomtemperature in thedark for protein
digestion. Supernatantswere transferred to clean tubes, and gel
pieces were incubated in 50 mM NH4HCO3 at 50 °C during 1 h,
the supernatant were collected, the remaining peptides were
extracted by incubation with 5% formic acid during 15 min and
with 100% ACN during 15 min more. The extracts were
combined, and the organic solvent was removed in a vacuum
concentrator. Desalting and concentrationwere carried out in a
pipette tip with R2 Poros C18 resin on top of a C18 plug [28] and
the eluted peptides were dried in a vacuum concentrator and
subjected to LC–MS.
2.4.2. In-solution digestion of proteins
The light (control) and heavy (stimulated) cell lysates were
combined at 1:1 ratio (w/w), 250 μg of each for SIMAC and
100 μg of each for CPP. Samples were reduced by adding
25 mM DTT for 30 min at 60 °C. Then, samples were loaded
into an Amicon (Nanosep 10 K Omega; Pall Corporation) and
centrifuged 45 min at 12,000 g. Samples were washed twice
with DB2 buffer (20 mM TEAB, 0.5% sodium deoxycolate) and
alkylated with 50 mM iodoacetamide during 20 min in the
dark. After twice washes with DB2, digestion was started by
adding Trypsin (Promega) 1:100. After 4 h in the dark at RT in
wet atmosphere, peptides were collected into a clean collec-
tion tube and the amicon was washed with DB2 and collected
the flow-through. Samples were acidified with 0.5% TFA final,
and sodium deoxycolate precipitates forms were separated by
centrifugation 5 min at 16,000 g. Peptide concentration was
estimated with Qubit (Invitrogen) to further enrichment of
phosphopeptides.
2.5. Phosphopeptides enrichment
2.5.1. SIMAC (Sequential Elution from IMAC)
2.5.1.1. IMAC. For each 100 μg peptides, 40 μl of iron-coated
PHOS-select™ metal chelate beads (Sigma) were used. The
beads were washed twice in loading buffer (0.1% TFA, 50%
ACN) as previously described [29] and then, incubated with
loading buffer and 500 μg of peptide mixture for 30 min at RT
in vibrating shaker. After the incubation, the beads were
packed in the constricted end of a 200 μl GELoader tip by
application of air pressure forming an IMAC microcolumn.
The IMAC flow-through was collected in an Eppendorf
tube for further analysis by TiO2 chromatography. The
IMAC column was washed using 50 μl of loading buffer,
which was pooled with the IMAC flow-through. The
monophosphorylated peptides and the contaminating non-
phosphorylated peptides were eluted from the IMAC column
using elution solution acidic (1% TFA, 20% ACN) and the
multiply phosphorylated peptides were subsequently eluted
using elution solution basic (0.5% of ammonia). The IMAC
flow-through and the IMAC eluents were dried in a vacuum
concentrator.
2.5.1.2. Titanium dioxide (TiO2) chromatography. After ly-
ophilization, the pooled flow-through and the eluted acidic
fraction from the IMAC were enriched in phosphopeptides
using TiO2 chromatography. A TiO2 microcolumn was pre-
pared by stamping out a small plug of C18material from a C18
extraction disk and placing the plug in the constricted end of a
200 μl GELoader tip [22,30]. The TiO2 beads suspended in
loading solution (1 M glycolic acid in 5% TFA, 80% ACN) were
mixed with the sample previously diluted five times in
loading solution. The mix was incubated for 15 min in a
vibrating shaker. The sample and the beads were sedimented
and 90% of the supernatant was removed to minimize the
volume in the column. The sample was applied to the tip and
the TiO2 microcolumn was packed by the application of air
pressure. The TiO2 microcolumn was washed with loading
buffer and subsequently with washing buffer (80% ACN, 5%
TFA). The phosphopeptides that bound to the TiO2
microcolumns were eluted using 30 μl of 0.5% ammonia
followed by elution using 1 μl of 30% ACN to elute
phosphopeptides that bound to the C18 disk. The eluent was
acidified by adding 5 μl of 100% formic acid and was dried in
the vacuum concentrator.
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2.5.2. CPP (Calcium Phosphate Precipitation)
The peptide solution was adjusted to 50 μl and pH was
adjusted to 9–10 using ammonia water. 2 μl of 0.5 M
Na2HPO4 and 2 μl of 2 M ammonia water were added and
mixed followed by the addition of 2 μl of 2 M CaCl2. The
solution was vortexed and centrifuged at 20,000 g for 10 min
at room temperature. Subsequently the supernatant was
removed, and the pellet was resuspended in 60 μl of 80 mM
CaCl2 and washed. After centrifugation as described above,
the washing solution was removed, and the resulting pellet
was dissolved in 20 μl of 5% formic acid. Desalting and
concentration were carried out in a pipette tip with R3
microcolumn C18 [28] and the eluted peptides were dried in
a vacuum concentrator.
2.5.3. Titanium dioxide (TiO2) chromatography
Desalting peptide solution was enriched in phosphopeptides
with a TiO2 microcolumn (as described above).
2.6. Peptide sequencing by tandem mass spectrometry
Peptide mixtures were analyzed by LC–MS/MS using an
Easy-nLC system (Thermo Scientific Proxeon) interfaced to a
LTQ-Orbitrap XL instrument (ThermoFisher Scientific, Bremen,
Germany). The nanoliter flow LC was operated in one column
set-up with an 18 cm analytical column (100 μm inner diame-
ter, 350 μm outer diameter) packed with C18 resin. Solvent A
was 0.1% formic acid in ddH2O and solvent B was 90%
acetonitrile (Fisher Scientific) with 0.1% formic acid. Samples
were injected in an aqueous 1% TFA solution at a flow rate
of 550 nl/min. Peptides were separated with a gradient of
0–34% solvent B 113 min with a flow rate of 250 nl/min. MS
measurements were performed on an LTQ-Orbitrap XL instru-
ment set to resolution 60,000 at 400 m/z for the precursor scan
(330–1800 m/z range, automatic gain control set to 1,000,000,
500 ms maximum injection time). Each of the eight most
intense multiply charged ions was fragmented by collision
induced dissociation (CID) with automatic gain control set to
20,000, isolation width 2.5 m/z, 30 ms activation time and a
normalized collision energy of 35. A dynamic exclusion of 45 s
was used. For phosphopeptide enriched samples CID detection
was performed as amultistage activation (MSA) experiment if a
phosphate neutral loss was detected.
2.7. Protein/peptides identification and quantitation
The raw data from LTQ-Orbitrap was converted to a .mgf file
using Proteome Discoverer 1.2 software (ThermoFisher
Scientific). Top 10 of fragment ions per 100 Da were extracted
for a protein database search using the Mascot search engine
(version 2.2.2, Matrix Science) against the concatenated
Swiss-Prot release 53.0 (http://www.expasy.ch/sprot) and
TrEMBL release 37.0 (http://www.ebi.ac.uk/trembl) databases
without taxonomy restriction, containing 269,293 and 4,672,908
sequence entries respectively for each software version and
database release. The search parameters were set as follows:
Carbamidomethylation (C) was chosen as the fixed modifica-
tion. As variable modifications, Oxidation (M), N-acetylation
(protein), Phosphorylation (STY) and SILAC labels: 13C (6) (K)
and 13C (6) (R) were chosen, 8 ppm for MS tolerance, 0.6 Da for
MS/MS tolerance, and 2 for missing cleavage. CID data was
searched with instrument setting ‘ESI-trap’. Mascot search
results were exported and low-confidence identifications were
filtered using Microsoft Office Excel 2007 with the following
criteria: Peptides with low score (cut-off score value = 20) and
with many putative PTMs (≥5 PTMs/peptide) were removed.
Redundant peptides were filtered by selecting the peptide with
the highestmascot score among peptideswith the same ID.We
accepted the peptide and protein identifications with FDR less
than 1%. For protein quantification, the proteins with at least
two ratio peptide counts were considered. The median value of
the SILAC ratioswas calculated as protein abundance (H/L ratio)
to minimize the effect of outlier values.
2.8. Western blotting
50 μg of protein per well was separated onto 10% SDS-
polyacrylamide minigels and transferred to Hybond-ECL
Nitrocellulose membranes (Amersham Biosciences). The
western-blotting was performed with Odyssey system (Infra-
red Imaging System (LI-COR Biosciences, Nebraska, USA),
which allows the measurement of the relative levels of
fluorescence of the different bands and simultaneous labeling
with two different antibodies.
After 1 h of incubation with primary antibodies: 1/2000
monoclonal, Anti-Vimentin (SIGMA), anti-Mcl1, anti-Eef2 and
anti-Phospho Eef2 (Thr57 + Thr59) (Abcam), anti-Tubulin alpha
(Serotec), anti-c-Jun and anti-Phospho c-Jun (Ser63) (Cell Signal-
ling), the membranes were washed 4 times in PBS with 0.1%
Tween-20. After this, the membranes were incubated with
fluorescently labeled secondary antibodies: 1/4000 IRDye
800CW conjugated Goat (polyclonal) anti-Rabbit IgG, 1/2000
highly cross absorbed (LI-COR Biosciences) and 1/4000 IRDye
680 conjugated Goat (polyclonal) anti-Mouse IgG, highly cross
absorbed (LI-COR Biosciences) or IRDye 680 Goat anti-Rat IgG,
highly cross absorbed (LI-COR Biosciences) for 30–60 min at
room temperature andprotected from the light. Themembranes
were washed again and scanned for fluorescence detection with
Odyssey system (LI-COR Biosciences, Nebraska, USA).
Anti-Cleaved Caspase-3 (Asp175) Rabbit mAb (Cell Signal-
ling) 1/1000 was used as primary antibody to assess the
apoptotic status of the macrophages during the interaction
with C. albicans along the time. Western blottings were
performed as described above using Odyssey system and
using fluorescently labeled secondary antibodies: 1/4000
IRDye 800CW anti-Rabbit IgG (LI-COR Biosciences).
Tubulin was used as loading control for the proteomic
validation, and the non-phosphorylated protein for the
phosphoproteins validation. Data were expressed as mean ±
SD. The unpaired Student's t-test was used to compare
differences between groups and p < 0.05 was considered
significant.
2.9. Confocal microscopy
Cells were grown on glass coverslips onto a p12 plate and
treated with C. albicans for 3 h. The coverslips were fixed with
4% formaldehyde in PBS for 20 min at RT, washed twice with
PBS and cell membranes were permeabilized for 15 min with
PBS containing 0.2% Tween-20 at room temperature. After two
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washes with PBS, the coverslips were incubated with Binding
Buffer (0.1% Saponin, 0.2% BSA in PBS) for 30 min and overlaid
with Anti-Vimentin antibody (Sigma-Aldrich, diluted 1:1000),
incubated for 1 h, washed with Binding Buffer three times and
incubated for 1 h with Alexa Fluor 568 anti-rabbit, washed
with Binding Buffer three times and prepared for microscopy
by mounting them on slides in 50% glycerol.
Confocal images were collected in the W. M. Keck Facility
for Biological Imagining using a PerkinElmer Live Cell imaging
spinning disk confocal system mounted on a Zeiss Axiovert
200M with a 63× and 100× 1.4NA oil immersion objectives.
Excitation light was generated by gas and solid state laser
(argon laser for 488 nm, krypton laser for 568 nm, solid state
laser for 405 nm and 647 nm) and passed through an AOFT for
wavelength selection and laser power control. A quadrupole
bandpass filter separated the excitation and emission light
inside the CSU-22 confocal scanhead (Yokogawa) and a filter
wheel (Prior Scientific) provided selection of emission filters
(TagBFP & RFP: dual band 445/60 and 615/70 nm; GFP: 527/
55 nm). Volocity image acquisition software was used to
capture images from a Hamamatsu Orca-ER cooled-CCD
camera and to control the equipment.
The intensity of red fluorescence (Vimentin) wasmeasured
by quantitative image analysis with Volocity software (Perkin
Elmer). Data are mean ± SD of values from 3 fields from two
experiments (n = 5 each).
2.10. Determination of chromatin condensation and
fragmentation
Chromatin DNA condensation and fragmentation in adherent
and detached cells were assessed by examination of nuclear
morphology using DAPI. Cells were grown onto 18-mm
coverslips placed in 24-well multiwell plates. After one day,
macrophages were incubated with C. albicans (ratio 1:1) or
5 mM Staurosporine during 45 min, 1.5, 3, 6, 8, 12 and 24 h at
37 °C in a 5% CO2. After the interaction, coverslips were fixed
5 min in cold paraformaldehyde, washed in PBS and perme-
abilized using 0.1% Triton and 0.1% sodium citrate in PBS.
After this, the coverslips were washed twice and incubated
RPMI with “light” aas
Lys 0 and Arg 0
RPMI with “heavy” aas






















Combination of the data
Cell lysate
Fig. 1 – Flow chart for analysis of macrophage proteome and phosphoproteome in response to C. albicans. Workflow of the
quantitative phosphoproteomics approach by SILAC. Three replicates of RAW 264.7 macrophages were labeled with light and
heavy stable isotope-substituted arginine and lysine, creating proteins and peptides distinguishable by mass. After the
labeling, “heavy”macrophages were incubated with C. albicans for 3 h. Protein extracts were loaded onto SDS-PAGE gels, and
10 fractions of eachwere trypsin-digested and analyzed by LC–MS/MS. Phosphopeptideswere enriched by either SIMAC or CPP
affinity purification. LC–MS/MS analysis of the eluted fractionswas performed to identify phosphopeptides and the light/heavy
ratio was calculated for quantification.
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with DAPI during 5 min. Then, the coverslips were washed
with PBS three times in the dark and mounted with
anti-fading solution.
The cells were examined by fluorescence microscopy and
the number of cells exhibiting condensed or fragmented
nuclei as well as the total number of cells was determined,
more than 300 macrophages were examined for each sample
and images of the condensation states of the chromatin were
taken with a charge-coupled device camera.
Cells with condensed and fragmented nuclei were scored
as apoptotic.
DNA strand breaks were assessed with a TUNEL (terminal
deoxynucleotidyl transferase-mediated dUTP-biotin end label-
ing of fragmented DNA) staining procedure (Roche Applied
Science, Indianapolis, IN). In brief, macrophages were grown in
100 mm culture dish. After one day, macrophages were
incubated with C. albicans (ratio 1:1) during 45 min, 1.5, 3 and
6 h at 37 °C in a 5% CO2. After the incubation, cells were
trypsinized at 37 °C for 10 min, the reactionwas quenchedwith
complete medium and cells were centrifuged for 10 min at
1000 rpm. Cells were fixed in cold paraformaldehyde overnight,
washed in PBS and permeabilized using 0.1% Triton and 0.1%
sodium citrate in PBS. The pellet was resuspended in 50 μl
TUNEL reaction mixture (45 μl labeling solution and 5 μl
enzyme solution), incubated for 1 h at 37 °C in a humidified
atmosphere in the dark and washed twice with PBS. Cells were
resuspended in PBS at a concentration of 1 × 106 cells/ml.
The percentage of TUNEL+ cells was assessed by flow
cytometry using a FACScan equipped with an ion laser and an
excitation at 488 nm. A minimum of 10,000 macrophage-
gated events were collected.
2.11. Statistics
All quantitative data were presented as mean ± standard
deviation (S.D.). For Western blotting, comparisons between
two groups were performed by Student's t test. Statistical
significancewas defined as *p < 0.05, **p < 0.01 and ***p < 0.001.
3. Results
3.1. Proteomic analysis of the macrophage response to C.
albicans
A stable isotope labeling approach (SILAC) was used to study
changes in protein expression from murine macrophages in
response to 3 h of interaction with C. albicans (1:1 ratio) (Fig. 1).
After 3 h of coincubation, Candida has formed extensive
hyphae that are thought to enable escape from the macro-
phage. Our study was designed to study the macrophage
response at this critical time. Proteins were identified by
Gel-LC–MS (1D SDS-PAGE, trypsin digestion and analysis by
EASY-nLC LTQ Orbitrap XL Mass Spectrometer). Protein
quantitation and identification was carried out with Proteome
Discoverer v1.2 software. The relative abundance of a protein
was measured by averaging the intensities of all peptides
identified for the protein at each sample. Three independent
biological replicates and two technical replicates of each were
performed.
Proteins with at least 2 peptides with high confidence were
identified and quantified, and the variation among these
peptides ratios was <20%. Changes were considered significant
within at least CV < 0.25 (Coefficient of Variation), and stan-
dardized log2 Heavy/Light ratios exceeding ±0.5. Consequently,
protein abundance values with CVs higher than 0.25 but with
averaged ratios that varied significantly between both samples
(average log2 Heavy/Light ratios ± SD above or below zero) were
kept and standardized log2 Heavy/Light ratios exceeding ± 0.5;
the remainingproteins (protein abundance valueswithout good
reproducibility between biological replicates) were discarded.
Combining the 3 biological and 2 technical replicates, 3178
non-redundant proteins were initially identified of which 2071
proteins that made our statistical cut off. The protein IDs and
expression ratios are listed in Suppl. Table S1.
A total of 53 proteins were found to be more abundant
(ratio < 0.5) and 15 less abundant (ratio > 0.5), after 3 h of
interaction with C. albicans. These proteins are listed and
functionally classified in Table 1. A database search was
carried out to analyze their function and to assign them to
different functional groups. As can be observed in Table 1 and
Supplemental Fig. S1, proteins with differential expression are
involved in stress response and oxidoreductase activity,
apoptosis, immune response, cytoskeleton rearrangement,
metabolism, and some of them are structural components of
the mitochondrial ribosome.
3.2. Phosphoproteomic analysis of the macrophage
response to C. albicans
3.2.1. Phosphosite analysis
Two different and complementary phosphopeptide enrich-
ment approaches were performed. Equal amounts of SILAC
samples from control macrophages (grown in “light medium”
12C6-arginine and 12C6-lysine) and macrophages after 3 h of
coincubation with C. albicans (grown in “heavy medium”
13C6-arginine and 13C6-lysine) were mixed and digested prior
to phosphopeptide enrichment by ion metal affinity chroma-
tography (IMAC) combined with TiO2 enrichment (SIMAC) [29]
or byCalciumPhosphate Precipitation (CPP) combinedwithTiO2
[22,30] (Fig. 1). Three biological and 2 technical replicates were
performed for each enrichment. All the SIMACandCPP samples
were analyzed by EASY-nLC LTQ Orbitrap XL Mass Spectrome-
ter. Raw data fileswere processedwith the ProteomeDiscoverer
v1.2 software for peptide and protein identification and the
quantification of phosphorylation changes. Finally, phosphor-
ylation site ratios measured in the technical replicates were
averaged prior to further data analysis.
To determine the correct identification of the phosphoryla-
tion site of each peptide, the Ascore (ambiguity score) algorithm
was used [31]. Ascore is a probabilistic algorithm that predicts
the likelihood of matching site-determining ions to specific
phosphorylation sites. An Ascore value of ≥19 corresponds to
sites that have been localized with high certainty (>99%,
p ≤ 0.01), phosphopeptides with Ascores between 15 and 19
are localized with moderate certainty (>90%, p < 0.05), and
phosphopeptides with Ascores from 3 to 15 had the lowest
statistical certainty (80%, p < 0.1). The distribution of scores for
all phosphopeptides in the individual experiments is shown in
Suppl. Table S2.
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Glut1 P17809 Glucose transporter type 1, erythrocyte/brain 0.61 0.06 628.14 9.76 4
Sels Q9BCZ4 Selenoprotein S (Seps1) (H47) 0.51 0.22 281.68 27.89 3
Retsat Q64FW2 All-trans-retinol 13,14-reductase 0.82 0.11 178.04 15.27 6
Coq9 Q8K1Z0 Ubiquinone biosynthesis protein COQ9, mitochondrial 0.54 0.10 115.38 15.65 3
Pex11b Q9Z210 Peroxisomal membrane protein 11B 0.50 0.00 104.64 19.31 4
Tmx3 Q8BXZ1 Protein disulfide-isomerase TMX3 0.67 0.35 158.67 15.35 3
Immune response/cell recognition
Fabp4 P04117 Fatty acid-binding protein, adipocyte (Ap2) −0.58 0.03 156.16 27.27 3
Cd36 Q08857 Platelet glycoprotein 4 0.56 0.13 654.94 29.87 9
Rtn4 Q99P72 Reticulon-4 (Nogo-A) 0.51 0.09 1091.48 11.79 9
Lilrb4 Q64281 Leukocyte immunoglobulin-like receptor subfamily B
member 4 (ILT3)
0.71 0.14 40.70 8.96 2
Cd14 P10810 Monocyte differentiation antigen CD14 0.59 0.12 327.37 16.67 5
Tyrobp O54885 TYRO protein tyrosine kinase-binding protein (Dap12) 0.51 0.08 186.38 25.44 2
Csf1r P09581 Macrophage colony-stimulating factor 1 receptor −0.80 0.38 294.34 10.54 7
Mcl1 P97287 Induced myeloid leukemia cell differentiation protein
Mcl-1 homolog
0.60 0.08 95.94 22.36 5
Cytoskeletal components and actin binding proteins
Ckap5 A2AGT5 Cytoskeleton-associated protein 5 −0.51 0.07 234.57 2.85 6
Vim P20152 Vimentin 2.08 0.51 822.59 46.35 18
Tor1aip1 Q921T2 Torsin-1A-interacting protein 1 0.66 0.10 374.27 11.15 4
Krt76 Q3UV17 Keratin, type II cytoskeletal 2 oral −3.67 0.71 264.58 8.42 8
Nup37 Q9CWU9 Nucleoporin Nup37 −0.59 0.07 165.61 13.50 3
Metabolism
Pycr1 Q922W5 Pyrroline-5-carboxylate reductase 1, mitochondrial 0.50 0.05 459.67 20.06 4
Pycr2 Q922Q4 Pyrroline-5-carboxylate reductase 2 0.51 0.08 1017.33 45.31 11
Fdx1 P46656 Adrenodoxin, mitochondrial (Ferredoxin-1) 0.52 0.03 76.94 16.49 3
Acadm P45952 Medium-chain specific acyl-CoA dehydrogenase, mitochondrial 0.51 0.11 244.43 17.10 6
Acadvl P50544 Very long-chain specific acyl-CoA dehydrogenase, mitochondrial 0.53 0.27 153.31 10.82 4
Hmgcr Q01237 3-Hydroxy-3-methylglutaryl-coenzyme A reductase 1.14 0.36 315.69 5.98 4
Dhrsx Q8VBZ0 Dehydrogenase/reductase SDR family member on chromosome
X homolog
0.64 0.12 64.50 14.03 2
Cpox P36552 Coproporphyrinogen-III oxidase, mitochondrial 0.52 0.11 86.06 11.51 4
Acaa2 Q8BWT1 3-Ketoacyl-CoA thiolase, mitochondrial 0.54 0.11 429.91 21.91 6
Hint2 Q9D0S9 Histidine triad nucleotide-binding protein 2, mitochondrial 0.58 0.17 269.77 39.88 4
Car2 P00920 Carbonic anhydrase 2 −0.50 0.07 1249.33 54.62 10
Smpd4 Q6ZPR5 Sphingomyelin phosphodiesterase 4 0.66 0.09 91.36 4.86 3
Bphl Q8R164 Biphenyl hydrolase-like protein 0.52 0.17 148.63 18.56 4
Nucleic acid processing
Ssrp1 Q08943 Structure specific recognition protein 1 (T160) −0.58 0.35 80.17 7.06 3
Son Q9QX47 Protein SON (Nrebp) Negative regulatory element-binding protein 0.78 0.10 157.23 2.66 4
Top2b Q64511 DNA topoisomerase 2-beta −0.52 0.04 197.28 5.77 8
Nono Q99K48 Non-POU domain-containing octamer-binding protein (p54nrb) 0.50 0.11 1446.09 51.80 22
Banf1 O54962 Barrier-to-autointegration factor (Baf) 0.52 0.11 470.77 53.93 4
Structural component of the ribosome/ribosome synthesis
Mrps21 P58059 28S ribosomal protein S21, mitochondrial 0.53 0.09 948.75 48.28 4
Mrpl21 Q9D1N9 39S ribosomal protein L21, mitochondrial 0.50 0.15 355.82 41.15 6
Mrpl22 Q8BU88 39S ribosomal protein L22, mitochondrial 0.79 0.33 157.98 30.10 5
Mrpl23 O35972 39S ribosomal protein L23, mitochondrial 0.55 0.12 304.49 51.37 5
Mrpl32 Q9DCI9 39S ribosomal protein L32, mitochondrial 0.56 0.09 301.34 25.67 4
Mrpl4 Q9DCU6 39S ribosomal protein L4, mitochondrial 0.55 0.14 102.86 30.61 5
Mrpl44 Q9CY73 39S ribosomal protein L44, mitochondrial 0.59 0.18 116.29 12.01 2
Mrpl51 Q9CPY1 39S ribosomal protein L51, mitochondrial 0.60 0.20 155.06 22.66 3
Rpf2 Q9JJ80 Ribosome production factor 2 homolog 0.62 0.27 100.04 20.26 5
Las1l A2BE28 Protein LAS1 homolog 0.52 0.18 153.44 6.31 4
Transport
Abcc3 B2RX12 Canalicular multispecific organic anion transporter 2 0.76 0.12 154.77 4.33 3
Praf2 Q9JIG8 PRA1 family protein 2 0.53 0.04 163.52 22.47 3
Sec31b Q3TZ89 Protein transport protein Sec31B −4.78 0.05 64.17 2.16 3
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A total of 25,860 phosphopeptides were identified, of which
959 unique phosphopeptides were present in two or more
biological replicates. 840 phosphopeptides showed a CV across
the 3 replicates <0.25. LC–MS/MS analysis using a combination
of MS2-only and MSA allowed the identification of 922 distinct
phosphosites from 517 phosphoproteins. Based on the Ascore
distribution of the 922 phosphorylation sites, 57% of the dataset
(527 sites) achieved the highest certainty (p ≤ 0.01) with regard
to phosphorylation site identification, and 7% (67 sites) had
an Ascore 13–19 (p < 0.05), also indicating high certainty. An
additional 23% (209 sites) could be localized with >90%
confidence. 131 ambiguous phosphopeptides (Ascore value <3)
(14% of the total psites) were also predicted.
A database of all phosphopeptide identifications including
quantitative data for both phosphopeptides and the corre-
sponding protein level abundances is available online
(Proteopathogen: http://proteopathogen.dacya.ucm.es/). The
spectra and data from the LC–MS/MS analysis are available at
the PRIDE repository of the European Bioinformatics Institute
(www.ebi.ac.uk/pride/) [32], accession number 2324.
The majority of phosphopeptides (90% of the total) were
mono-phosphorylated and phosphoserine (pSer) residues
were the most commonly modified amino acid (89% of the
total), and phosphothreonine (pThr) and phosphotyrosine
(pTyr) were less represented, 10% and 1%, respectively.
3.2.2. Differential phosphorylation of macrophage proteins
upon interaction with C. albicans
Of thephosphopeptides thatwerepresent in at least 2 biological
replicates, 196 displayed significantly altered phosphorylation
levels in the macrophages after incubation with Candida. The
phosphorylation level of 70 phosphopeptides was decreased
(corresponding to 57 proteins) andphosphorylation levels of 126
phosphopeptides were increased (89 proteins) in the presence
of Candida. Phosphopeptides that increased or decreased are
listed in Table 2. This table includes numerous trafficking
proteins and protein kinases, proteins related to immune
responses and to cytoskeleton rearrangement and transcription
factors, the most relevant differentially phosphorylated pro-
teins are depicted in Suppl. Fig. S2.
3.2.3. Newly identified phosphorylation sites
We compared our phosphoproteome data to published phos-
phoprotein repositories that contained human, mouse, and
rat databases (www.phosphosite.org, www.phosida.com and
www.uniprot.org). 154 phosphorylation sites (17.2%) from our
study have not previously been described identified as phos-
phorylation sites in human,mouse, or rat homologues proteins
and 173 phosphorylation sites (18.3%) are phosphorylation sites
described by similarity (Table 3).
3.3. Protein and phosphoprotein validation
To confirm the quantitative MS data, Western blot analyses
were performed for selected proteins and phosphoproteins
(using regular and phosphorylation-site-specific antibodies).
For phosphoproteins validated by Western-blotting, total
protein expression levels were determined to differentiate


















Timm23 Q9WTQ8 Mitochondrial import inner membrane translocase
subunit Tim23
0.56 0.10 321.45 22.49 3
Nemf Q8CCP0 Nuclear export mediator factor Nemf −0.61 0.14 61.42 3.76 3
Golga2 Q921M4 Golgin subfamily A member 2 0.56 0.11 392.59 7.61 5
Protein fate
Pmpcb Q9CXT8 Mitochondrial-processing peptidase subunit beta 0.55 0.12 232.15 27.20 7
Ubxn1 Q922Y1 UBX domain-containing protein 1 −0.64 0.04 121.70 26.26 3
Uba5 Q8VE47 Ubiquitin-like modifier-activating enzyme 5 −0.60 0.11 130.55 13.90 3
Vcpip1 Q8CDG3 Deubiquitinating protein VCIP135 −0.53 0.05 138.52 4.84 4
Unknown function
Ccdc127 Q3TC33 Coiled-coil domain-containing protein 127 0.53 0.19 122.61 16.54 3
Ccdc167 Q9D162 Coiled-coil domain-containing protein 167 0.51 0.17 202.97 36.08 3
Mpeg1 A1L314 Macrophage-expressed gene 1 protein 0.82 0.16 139.33 8.84 5
Ociad1 Q9CRD0 OCIA domain-containing protein 1 0.50 0.22 316.95 32.79 4
UPF0466 Q9DB10 UPF0466 protein C22orf32 homolog, mitochondrial 0.57 0.12 30.33 35.51 3
Cdv3 Q4VAA2 Carnitine deficiency-associated gene expressed in ventricle 3 (41) −0.50 0.08 173.22 33.81 4
Coa5 Q99M07 Cytochrome c oxidase assembly factor 5 0.77 0.06 281.75 58.11 3
Erlin2 Q8BFZ9 Erlin-2 (SPFH2) 0.51 0.06 318.66 17.35 3
Hdhd3 Q9CYW4 Haloacid dehalogenase-like hydrolase domain-containing protein 3 0.51 0.11 42.20 17.53 3
Pdap1 Q3UHX2 28 kDa heat- and acid-stable phosphoprotein (HASPP28) −0.56 0.22 88.70 13.26 2
Tmem33 Q9CR67 Transmembrane protein 33 0.50 0.09 676.16 19.43 5
a Protein name and accession number according to UniProt-SwissProt database (https://www.proteome.com/control/tools/proteome).
b Protein score are derived from Mascot result page.
c The protein coverage corresponds to a percentage in proteins identified by peptide mass fingerprinting.
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Vimentin andMcl1 protein levelswere determined (Fig. 2A, B).
Phosphorylation levels of the transcription factor c-Jun at Ser63
and the elongation factor Eef2 at Thr57 + Thr59 were also
measured (Fig. 2C, D) and compared to the non-phosphorylated
protein (total protein expression levels were determined to
differentiate the changes arising from protein expression or
from phosphorylation stoichiometry). Increase in Vimentin
andMcl1 expression, the increase in c-Junphosphorylation levels
and the decrease in Eef2 phosphorylation corroborated the MS
results.
Vimentin is a cytoskeletal protein that is part of intermediate
filaments which has also been implicated in inflammation and
bactericidal effects of macrophages [33–35]. We previously
detected overexpression of Vimentin inmacrophages incubated
with C. albicans [17] while expression was decreased during
the interaction with heat inactivated-C. albicans [18]. To
visualize the subcellular localization of Vimentin during phago-
cytosis of C. albicans, we performed confocal immunofluores-
cence studies. Macrophages were incubated with C. albicans
expressing blue-fluorescent protein (BFP) for 3 h followed
by immunofluorescent staining using a Vimentin antibody.
The observed Vimentin localization resembles intermediate
filaments and did not change after 3 h of coincubation with
C. albicans (Fig. 3A), suggesting that Vimentin does not play a
direct role in formation of the phagocytic cup. Quantification
of fluorescence intensity showed that levels of Vimentin are
increased after 3 h of coincubation with C. albicans, which is in
line with our proteomics data (Fig. 3B).
3.4. Measurement of the apoptotic status of macrophages
following interaction with C. albicans
As many of the differentially expressed proteins and phos-
phoproteins founded in this study were related to apoptosis
(Suppl. Figs. S1 and S2), the apoptotic status of RAW 264.7
macrophages after different time points of interaction with
the yeast was analyzed. Macrophages were incubated with
C. albicans orwith 5 mMStaurosporine for 45 min, 1.5, 3, 6, 8, 12
and 24 h followed by chromatin condensation assays. While
Staurosporine-incubated macrophages displayed an increase
in positive chromatin condensation over time up to 100% after
24 h, incubation with C. albicans did not lead to a significant
increase in positive macrophages over time (<15%) (Fig. 4A, B).
In addition, we performed terminal deoxynucleotidyl
transferase dUTP nick end labeling (TUNEL) assays to investi-
gate macrophage apoptosis in the presence of Candida. No
DNA condensation and degradation characteristic of apoptotic
cells was detected at any of the incubation periods tested
(Suppl. Fig. S3B, C).
Caspase-3 activation by cleavage is a hallmark of apoptosis.
To determine whether Caspase-3 was activated in RAW 264.7
cells during interaction with Candida, macrophages were
treated with 5 mM Staurosporine or exposed to C. albicans at
different interaction times. Activated Caspase-3was assayed by
Western blotting using cell free lysates prepared from these
cultures. Activated (cleaved) Caspase-3 was detectable in
Staurosporine-treated cells but onlyminimal levels of activated
Caspase-3 were detectable in macrophages incubated with
Candida (Suppl. Fig. S3A). Fragmentation of Vimentin is also
associated with apoptosis in macrophages [36,37], Western-
blotting studies were carried out to investigate Vimentin
fragmentation at different time points (45 min, 1.5, 3, 6 and
8 h) but no fragmentation was detectable (data not shown).
In conclusion, while apoptotic proteins were identified as
differentially expressed in our (phospho)proteomics studies,
chromatin condensation assays, TUNEL assays and Caspase-3
and Vimentin cleavage studies indicate that apoptosis is not
increased in macrophages incubated with C. albicans.
4. Discussion
Macrophages are the first line of defense against Candida
infections and prevent spreading of the fungus after coloni-
zation. Efforts within our group have focused on studying the
interaction between macrophages and C. albicans to identify
yeast virulence factors and host factors important for
anti-fungal responses [17–19]. PRR recognition of C. albicans
by macrophages leads to activation of downstream kinases
that controls metabolism, signal transduction, stress re-
sponse and protein fate. In this study we therefore took a
quantitative (phospho)-proteomics SILAC approach to identi-
fy differentially expressed and phosphorylated macrophage
proteins after 3 h of interaction with C. albicans. 53macrophage
proteins were significantly more abundant after incubation
with Candida, while the expression of 15 proteinswas decreased
in the samples with the yeast. Phosphopeptide enrichment
allowed us to identify 922 non-redundant phosphorylation
sites, of which 126 peptides showed an increased and 70 a
decreased phosphorylation. Differentially expressed proteins
and phosphoproteins have been grouped according to their
biological role in macrophages in Tables 1 and 2. Their possible
roles in the inflammatory response, the apoptotic status and in
cytoskeletal rearrangement are discussed below.
4.1. C. albicans induces pro-inflammatory and
stress responses
One of the major macrophage responses against C. albicans is
the up-regulation of pro-inflammatory pathways and the
production of reactive oxygen species [17]. As can be observed
in Tables 1 and 2, our study identified 29 differentially
expressed proteins related to oxidative stress and to the
inflammatory response. A schematic model illustrating the
differentially expressed oxidative and inflammatory (phos-
pho)-proteins is depicted in Fig. 5.
Upon interaction with C. albicans, the generation of the
oxidative burst is initiated by the NADPH oxidase enzyme
complex [38]. This complex is composed of several membrane
subunits, including the cytochrome b-light chain subunit
(Cyba, also known as p22-phox) [39] that is up-regulated in
our studies. Cyba produces large amounts of antimicrobial
ROS such as the superoxide anion (O2−), hydrogen peroxide
(H2O2), and nitric oxide (NO−). Additionally, the elevated
expression of Pex11b, the glucose transporter Glut1 and
CD36, together with the decrease in Fabp4, may also relate to
the production of O2−, H2O2 and NO−. Selenoprotein S (SelS),
Ubiquinone biosynthesis protein (Coq9) and Pyrroline-5-
carboxylate reductase 1 (Pycr) are other up-regulated proteins
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involved in oxidative stress pathways. These proteins regu-
late the cellular redox balance and protect the ER against the
deleterious effects of the oxidative stress [40]. Proline dehy-
drogenase was previously shown to be essential for proline
protection against hydrogen peroxide-induced cell death [41].
Mitochondria are important organelles that mediate ener-
gy metabolism, cell signaling and homeostasis and cell death
in eukaryotic cells [42]. The observed increase in the level of
mitochondrial ribosome biogenesis suggests an increased
macrophage activity in response to C. albicans. West et al.
proved that, during TLR signaling, mitochondria are recruited
to the phagosome where they contribute to bactericidal
activity [43]. Mitochondrial metabolism is directly related to
the metabolic status of the cell and we find in the current and
previous studies that macrophage metabolism is altered after
interaction with Candida [17,19].
Many of the differentially expressed proteins identified in our
study relate to the inflammatory response. The decrease in
Fabp4 alters the macrophages lipid composition and enhances
peroxisome proliferator-activated receptor (PPAR) activity, lead-
ing to increased expression of the scavenger receptor CD36. A
tyrosine kinase signaling cascade downstream of CD36 is a key
regulator of MAPK pathways, such as ERK1/2 and NF-κB
pathways, that induce pro-inflammatory cytokine and
Cnt Int Cnt Int





















Fig. 2 – Validation of differential expression and phosphorylation levels of selected proteins in RAW 264.7 macrophages.
Samples were separated on 10% 1D-SDS-PAGE gels and transferred onto nitrocellulose membranes. Western-blotting for
Vimentin, Mcl1, Phospho c-Jun and Phospho eEf2, were performed. Data are expressed as the means ± SD of three
independent experiments (*, p < 0.01; **, p < 0.05).
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chemokine production in response to beta amyloid [44–46].
In addition, SelS overexpression [47], Osteopontin (Spp1) phos-
phorylation and Nfatc2 dephosphorylation [48] play an impor-
tant role in NF-κB activation. Translocation of NF-κB to the
nucleus activates the transcription of pro-inflammatory cyto-
kines genes [40]. The LPS-binding PRR CD14, which displayed
increased expression upon interaction with Candida, associates
with TLR4 for C. albicans O-linked mannan recognition [14]. This
interaction gives rise to several pro-inflammatory signals,
including NF-κB activation, release of nitric oxide (NO), prosta-
glandin E2 (PGE2), interleukin-6 (IL-6), tumor necrosis factor-
alpha (TNF-α) and cyclooxygenase-2 (COX-2) [8,14,49].
Vimentin was previously shown to play a role in inflam-
mation, as it has bactericidal activity that is enhanced by pro-
inflammatory cytokines [34]. And finally, we found an
increased phosphorylation status for macrophage scavenger
receptor class A (SR-A, CD204) that plays a significant role in
mediating signals triggered by cytokines, growth factors and
stress [50–52].
On the other hand we also detected increased expression of
anti-inflammatory signals in the presence of C. albicans. One of
the up-regulated proteins was Tyrobp also known as DAP12,
which associates with the receptor TREM-1. These proteins
might be involved in regulating the magnitude of the inflam-
matory response [53]. Colony-stimulating factor-1 receptor
(CSF1R) that recognizes M-CSF was decreased upon interaction
with Candida. M-CSF is the primary regulator of survival,










Fig. 3 – Vimentin increasing in macrophages after C. albicans interaction. (A) Confocal images showing localization of Vimentin
in RAW 264.7 macrophages incubated with C. albicans-BFP. Images were taken without or after 3 h of co-incubation with
C. albicans. (B) Quantitation of Vimentin fluorescence. Representative micrographs are showed and statistical data are
represented as mean ± SD of two different experiments (***, p < 0.001).
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phagocytes [54] and thedownregulation of CSF1Rmight suggest
a reduced sensitivity for this cytokine.
4.2. Cytoskeletal rearrangement during the
macrophage–Candida interaction
As previously reported, many of the differentially expressed
proteins during incubation with Candida were involved in
cytoskeletal modifications. As shown in Tables 1 and 2, 5
proteins and 19 phosphoproteins were differentially expressed
during the interaction. Vimentin is a widely expressed inter-
mediate filament protein involved in structural processes, such
as cytoskeletal rearrangement and in supporting and anchoring
of organelles (nucleus, ER andmitochondria) in the cytosol [55].
Other proteins identified in our study are related to cytoskele-
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Fig. 4 – Prevalence of anti-apoptotic signals in RAW 264.7 macrophages after interaction with C. albicans. Macrophages
incubated with C. albicans or 5 mM Staurosporine during different time points. Cells were fixed and nuclei were stained with
DAPI, and the percentage of the chromatin-condensed cells was counted. In each sample, at least 100 cells were counted.
Representative micrographs (A) and the percentages of the cells with condensed chromatin (B) are shown. (C) Diagram of the
different pro- and anti-apoptotic signals in macrophages during the response to the yeast.
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Stathmin (Stmn1) [59], Twf2 [60], tubulins and myosins. All of
these proteins are affecting macrophage function by regulating
phagocytosis, ruffling, vesicle rocketing, and cell motility.
4.3. The interaction with the yeast does not induce the
apoptosis in RAW 264.7 macrophages
Apoptosis of infected cells constitutes part of the host defense,
limiting the dissemination of ingested microorganisms by
prompting the effective clearance of infected cells by resident
and recruited phagocytes [61]. The converse of this strategy is
the repression of programmed cell death in invaded host
cells, allowing the pathogen to replicate and/or silently persist,
whilst remaining invisible to the immune system [62]. Well-
known pathogens that employ this strategy include Legionella
pneumophila, Chlamydiae spp., Rickettsia rickettsii, Neisseria
gonorrhoeae and Mycobacterium tuberculosis [63,64]. The ability of
C. albicans to induce apoptosis in J774macrophages has already
Fig. 5 – Schematic overview of macrophage proteins and phosphoproteins related to immune and stress responses
differentially regulated upon C. albicans interaction. Changes in the macrophage proteins after the interaction with the yeast
and their putative roles in some of the principal pathways are represented in the following way: red arrow, proteins with
higher abundance; green arrow, lower abundance; red circle, increased phosphorylation and green circle, decreased
phosphorylation.
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been described [65]. Previous work of our group described both
pro- and anti-apoptotic signals in our RAW 264.7 macrophages
[17]. Our current work allows the quantitative comparison of
pro- and anti-apoptotic signals in macrophages upon the
interaction with Candida.
As pro-apoptotic signals, we found the increase in Rtn4
(Nogo-A), Hint2 and Praf2, a decrease in Ssrp1, an increase in
phosphorylation of Dok1and Rtn4 and a decrease in phos-
phorylation of Csda. Rtn4 knockdown in cardiomyocytes
markedly attenuated hypoxia/reoxygenation-induced apo-
ptosis [66]; Hint2 [67] and Praf2 [68] overexpression sensitize
cells to apoptosis, and Ssrp1 degradation during apoptosis is
a two-step process coupling caspase cleavage and ubiquitin-
dependent proteolysis [69]. Dok1 phosphorylation can affect
several cell signaling processes and plays a role in activin-
induced apoptosis [70]. Cold-shock domain protein A (Csda)
is a target of Bcr-Abl induced phosphorylation, and Csda
phospho-deficient mutant resulted in an increase in apoptosis
[71]. The identification of these differentially regulated proteins
in the macrophages–Candida samples suggests pro-apoptotic
signals.
However, we also identify proteins and phosphoproteins
related to inhibition of apoptosis. We found increased levels
of Glut1, Sels, Pex11b, Tyrobp (Dap12), Mcl1, Vimentin, Acaa2
[72] and Son, increased phosphorylation of nucleophosmin
(Npm1), Inpp5d, c-Jun and Osteopontin (Spp1) and decreased
phosphorylation of Vasp, Ptpn6 (Shp1) [73] and eEf2.
Overexpression of SelSmight protect RAW 264.7 macrophages
against ER stress-induced cytotoxicity and apoptosis, re-
sulting in promotion of cell survival [74]. Pex11b deficiency
enhances neuronal apoptosis [75] and we found this protein
to be downregulated in our model.
A major indicator of anti-apoptotic signal in our
macrophage–Candida sample is the increase in the Bcl2 family
member Myeloid cell leukemia 1 (Mcl1). Mcl1 promotes cell
viability during phenotypic transitions such as the stimulation
of proliferation or differentiation [76]. M. tuberculosis induces
resistance in infected macrophages by up-regulating Mcl1
expression [77]. Some of the proteins found in our study are
functionally related to the increase in Mcl1. Ligation of TREM2
with DAP12 stimulates an increase in the abundance of Mcl1 in
osteoclasts [78] and the activation of eEF2 by dephosphorylation
in Th57, plays a role in Mcl1 levels [79]. An anti-apoptotic effect
of Vimentin has been reported in Jurkat cells [80].
Another anti-apoptotic event is the increased phosphoryla-
tion of nucleophosmin (NPM), a nucleolar phosphoprotein that
binds the tumor suppressors p53 and p19Arf. NPM is thought to
be indispensable for ribogenesis, cell proliferation, and survival
after DNAdamage [81]. Phosphorylation of Vaspwas associated
with the induction of apoptosis [82] and our macrophage–
Candida samples showed decreased phosphorylation of
this protein. Anti-apoptotic effects of c-Jun phosphorylation
at Ser73 were previously described for a Ser63Ala, Ser73Ala
mutant that resulted in increased apoptosis [83]. Spp1 is a
phosphorylated glycoprotein involved in many physiological
and pathological processes, including apoptosis. Ligand
binding activates several downstream kinases including focal
adhesion kinase (FAK), mitogen-activated protein kinase
(MAPK)/extracellular signal-regulated kinase (ERK) kinase
(MEK) 1/2 and phosphatidylinositol 3-kinase (PIK3)/Akt. Akt
and ERK1/2 phosphorylates caspase-9 at Ser196 and Thr125,
respectively; and inhibits caspase-3 activation [84]. Together,
these responses suggest a strong anti-apoptotic signature of
macrophages during the interaction with C. albicans.
To determine whether macrophages incubated with
C. albicans are pro- or anti-apoptotic, we conducted various
apoptosis assays. Chromatin condensation, TUNEL assays
and caspase-3 and Vimentin cleavage studies convincingly
showed the absence of apoptotic macrophages in the presence
of C. albicans (Fig. 4A, B and Suppl. Fig. 3). Our findings might be
surprising as Ibata-Ombetta et al. [65] detect apoptosis in
macrophages using a 20:1 yeast:J774 macrophages ratio and
Rotstein et al. [85] showed an increase in the percentage of
apoptotic neutrophils when increasing the yeast: neutrophil
ratio. On the other hand, in human monocytes, Heidenreich
et al. showed an inhibition of apoptosis in macrophages using
1:1 and 1:50 ratios [86]. In conclusion, the kind of phagocyte and
the multiplicity of infection might be crucial for induction/
inhibition of apoptosis by C. albicans. An interesting future
direction would be to determine if the anti-apoptotic response
is regulated by the macrophage or by the pathogen. On the one
hand, the inhibition of apoptosis could be a host immune
mechanism to reinforce defenses against the invading patho-
gen. On the other hand, stimulation of anti-apoptotic signals
might be a Candida virulence factor that favors replication and
dissemination inside macrophages.
5. Conclusions
As conclusions, SILAC technology has allowed us to identify
newproteins andphosphopeptides involved in themacrophage
response to Candida, pointing out to the pro-inflammatory and
anti-apoptotic effects of C. albicans on RAW 264.7 macrophages,
suggesting that macrophages are trying to destroy C. albicans
increasing the inflammation and, in the same direction, the
inhibition of apoptosis could be a mechanism of the host
immune system to reinforce the defense against the infection
by remaining macrophages viable and active against Candida.
However the infected macrophages can favor the replication
and dissemination of the pathogens that remain alive inside
them, unraveling another C. albicans putative virulence factor.
Supplementary data to this article can be found online at
http://dx.doi.org/10.1016/j.jprot.2013.06.026.
Acknowledgments
Proteomics experiments were carried out in the Proteomics
Unit UCM-Parque Científico, a member of the National
Institute for Proteomics, ProteoRed, funded by Instituto de
Salud Carlos III (ISCIII) and in the Protein Research Group
Laboratory, University of Southern Denmark. The authors
would like to thank Maria Luisa Hernáez and Jimmy Ytterberg
for their support in sample analysis. J.A. R.-C. was the recipient
of a fellowship from Ministerio de Ciencia e Innovación.
This work was supported by BIO 2009-07654 and BIO
2012-31767 from theMinisterio de Economía y Competitividad,
PROMT (S2010/BMD-2414) from the Comunidad Autónoma de
Madrid, and REIPI, Spanish Network for the Research in
132 J O U R N A L O F P R O T E O M I C S 9 1 ( 2 0 1 3 ) 1 0 6 – 1 3 5
113
Infectious Diseases (RD06/0008/1027 and RD12/0015/0004)
from the ISCIII; and the Banco Santander Central Hispano-
Universidad Complutense Research Group (UCM-920685).
Dr. C. Nombela is the director of the Special Chair in Genomics
and Proteomics.
R E F E R E N C E S
[1] Pfaller MA, Yu WL. Antifungal susceptibility testing. New
technology and clinical applications. Infect Dis Clin North
Am 2001;15:1227–61.
[2] Eggimann P, Garbino J, Pittet D. Epidemiology of Candida
species infections in critically ill non-immunosuppressed
patients. Lancet Infect Dis 2003;3:685–702.
[3] Pfaller MA, Diekema DJ. Epidemiology of invasive candidiasis:
a persistent public health problem. Clin Microbiol Rev
2007;20:133–63.
[4] Ashman RB, Farah CS, Wanasaengsakul S, Hu Y, Pang G,
Clancy RL. Innate versus adaptive immunity in Candida
albicans infection. Immunol Cell Biol 2004;82:196–204.
[5] de Repentigny L. Animal models in the analysis of Candida
host–pathogen interactions. Curr Opin Microbiol 2004;7:
324–9.
[6] Bistoni F, Vecchiarelli A, Cenci E, Puccetti P, Marconi P,
Cassone A. Evidence for macrophage-mediated protection
against lethal Candida albicans infection. Infect Immun
1986;51:668–74.
[7] Qian Q, Jutila MA, van Rooijen N, Cutler JE. Elimination of
mouse splenic macrophages correlates with increased
susceptibility to experimental disseminated candidiasis.
J Immunol 1994;152:5000–8.
[8] Netea MG, Brown GD, Kullberg BJ, Gow NA. An integrated
model of the recognition of Candida albicans by the innate
immune system. Nat Rev Microbiol 2008;6:67–78.
[9] Netea MG, van der Meer JW, Kullberg BJ. Both TLR2 and TLR4
are involved in the recognition of Candida albicans. Microbes
Infect 2006;8:2821–2 [author reply 3–4].
[10] McGreal EP, Miller JL, Gordon S. Ligand recognition by
antigen-presenting cell C-type lectin receptors. Curr Opin
Immunol 2005;17:18–24.
[11] Rogers NC, Slack EC, Edwards AD, Nolte MA, Schulz O,
Schweighoffer E, et al. Syk-dependent cytokine
induction by Dectin-1 reveals a novel pattern recognition
pathway for C type lectins ROGERS2005. Immunity 2005;22:
507–17.
[12] Jongstra-Bilen J, Puig Cano A, Hasija M, Xiao H, Smith CI,
Cybulsky MI. Dual functions of Bruton's tyrosine kinase and
Tec kinase during Fcgamma receptor-induced signaling and
phagocytosis. J Immunol 2008;181:288–98.
[13] Strijbis K, Tafesse FG, Fairn GD, Witte MD, Dougan SK,
Watson N, et al. Bruton's Tyrosine Kinase (BTK) and Vav1
Contribute to Dectin1-Dependent Phagocytosis of
Candida albicans in Macrophages. PLoS Pathog 2013;9:
e1003446.
[14] Netea MG, Van Der Graaf CA, Vonk AG, Verschueren I, van der
Meer JW, Kullberg BJ. The role of toll-like receptor (TLR) 2 and
TLR4 in the host defense against disseminated candidiasis.
J Infect Dis 2002;185:1483–9.
[15] Poulain D, Jouault T. Candida albicans cell wall glycans, host
receptors and responses: elements for a decisive crosstalk.
Curr Opin Microbiol 2004;7:342–9.
[16] Fernández-Arenas E, Cabezón V, Bermejo C, Arroyo J,
Nombela C, Diez-Orejas R, et al. Integrated proteomics and
genomics strategies bring new insight into Candida albicans
response upon macrophage interaction. Mol Cell Proteomics
2007;6:460–78.
[17] Reales-Calderon JA, Martinez-Solano L, Martinez-Gomariz M,
Nombela C, Molero G, Gil C. Sub-proteomic study on
macrophage response to Candida albicans unravels new
proteins involved in the host defense against the fungus.
J Proteomics 2012;75:4734–46.
[18] Martínez-Solano L, Reales-Calderón JA, Nombela C, Molero G,
Gil C. Proteomics of RAW 264.7 macrophages upon interaction
with heat-inactivated Candida albicans cells unravel an
anti-inflammatory response. Proteomics 2009;9:2995–3010.
[19] Martínez-Solano L, Nombela C, Molero G, Gil C. Differential
protein expression of murine macrophages upon interaction
with Candida albicans. Proteomics 2006;6(Suppl. 1):S133–44.
[20] Johnson SA, Hunter T. Phosphoproteomics finds its timing.
Nat Biotechnol 2004;22:1093–4.
[21] Nuhse TS, Stensballe A, Jensen ON, Peck SC. Large-scale
analysis of in vivo phosphorylated membrane proteins by
immobilized metal ion affinity chromatography and mass
spectrometry. Mol Cell Proteomics 2003;2:1234–43.
[22] Thingholm TE, Jorgensen TJ, Jensen ON, Larsen MR. Highly
selective enrichment of phosphorylated peptides using
titanium dioxide. Nat Protoc 2006;1:1929–35.
[23] Zhang X, Ye J, Jensen ON, Roepstorff P. Highly efficient
phosphopeptide enrichment by calcium phosphate
precipitation combined with subsequent IMAC enrichment.
Mol Cell Proteomics 2007;6:2032–42.
[24] Thingholm TE, Jensen ON, Robinson PJ, Larsen MR. SIMAC
(sequential elution from IMAC), a phosphoproteomics
strategy for the rapid separation of monophosphorylated
from multiply phosphorylated peptides. Mol Cell Proteomics
2008;7:661–71.
[25] Ong SE, Blagoev B, Kratchmarova I, Kristensen DB, Steen H,
Pandey A, et al. Stable isotope labeling by amino acids in cell
culture, SILAC, as a simple and accurate approach to
expression proteomics. Mol Cell Proteomics 2002;1:376–86.
[26] Ong SE,MannM.Apractical recipe for stable isotope labeling by
amino acids in cell culture (SILAC). Nat Protoc 2006;1:2650–60.
[27] Gillum AM, Tsay EYH, Kirsch DR. Isolation of the Candida
albicans gene for orotidine-5′-phosphate decarboxilase by
complementation of S. cerevisiae ura3 and E. coli pyrF
mutations. Mol Gen Genet 1984;198:179–82.
[28] Gobom J, Nordhoff E, Mirgorodskaya E, Ekman R, Roepstorff P.
Sample purification and preparation technique based on
nano-scale reversed-phase columns for the sensitive
analysis of complex peptide mixtures by matrix-assisted
laser desorption/ionization mass spectrometry. J Mass
Spectrom 1999;34:105–16.
[29] Kokubu M, Ishihama Y, Sato T, Nagasu T, Oda Y. Specificity of
immobilized metal affinity-based IMAC/C18 tip enrichment
of phosphopeptides for protein phosphorylation analysis.
Anal Chem 2005;77:5144–54.
[30] Larsen MR, Thingholm TE, Jensen ON, Roepstorff P, Jorgensen
TJ. Highly selective enrichment of phosphorylated peptides
from peptide mixtures using titanium dioxide microcolumns.
Mol Cell Proteomics 2005;4:873–86.
[31] Beausoleil SA, Villen J, Gerber SA, Rush J, Gygi SP. A
probability-based approach for high-throughput protein
phosphorylation analysis and site localization. Nat
biotechnol 2006;24:1285–92.
[32] Vizcaino JA, Cote R, Reisinger F, Foster JM, Mueller M,
Rameseder J, et al. A guide to the Proteomics Identifications
Database proteomics data repository. Proteomics 2009;9:
4276–83.
[33] Benes P, Maceckova V, Zdrahal Z, Konecna H, Zahradnickova
E, Muzik J, et al. Role of vimentin in regulation of
monocyte/macrophage differentiation. Differentiation
2006;74:265–76.
[34] Mor-Vaknin N, Punturieri A, Sitwala K, Markovitz DM.
Vimentin is secreted by activated macrophages. Nat Cell Biol
2003;5:59–63.
133J O U R N A L O F P R O T E O M I C S 9 1 ( 2 0 1 3 ) 1 0 6 – 1 3 5
114
[35] Perlson E, Michaelevski I, Kowalsman N, Ben-Yaakov K,
Shaked M, Seger R, et al. Vimentin binding to phosphorylated
Erk sterically hinders enzymatic dephosphorylation of the
kinase. J Mol Biol 2006;364:938–44.
[36] Byun Y, Chen F, Chang R, Trivedi M, Green KJ, Cryns VL.
Caspase cleavage of vimentin disrupts intermediate filaments
and promotes apoptosis. Cell Death Differ 2001;8:443–50.
[37] Nakanishi K, Maruyama M, Shibata T, Morishima N.
Identification of a caspase-9 substrate and detection of its
cleavage in programmed cell death during mouse
development. J Biol Chem 2001;276:41237–44.
[38] Babior BM. NADPH oxidase: an update. Blood 1999;93:1464–76.
[39] Sheppard FR, Kelher MR, Moore EE, McLaughlin NJ, Banerjee
A, Silliman CC. Structural organization of the neutrophil
NADPH oxidase: phosphorylation and translocation during
priming and activation. J Leukoc Biol 2005;78:1025–42.
[40] Pahl HL, Baeuerle PA. The ER-overload response: activation of
NF-kappa B. Trends Biochem Sci 1997;22:63–7.
[41] Natarajan SK, Zhu W, Liang X, Zhang L, Demers AJ,
Zimmerman MC, et al. Proline dehydrogenase is essential for
proline protection against hydrogen peroxide-induced cell
death. Free Radic Biol Med 2012;53:1181–91.
[42] Chan DC. Mitochondria: dynamic organelles in disease,
aging, and development. Cell 2006;125:1241–52.
[43] West AP, Brodsky IE, Rahner C, Woo DK, Erdjument-Bromage
H, Tempst P, et al. TLR signalling augments macrophage
bactericidal activity through mitochondrial ROS. Nature
2011;472:476–80.
[44] Moore KJ, El Khoury J, Medeiros LA, Terada K, Geula C, Luster
AD, et al. A CD36-initiated signaling cascade mediates
inflammatory effects of beta-amyloid. J Biol Chem 2002;277:
47373–9.
[45] El Khoury JB, Moore KJ, Means TK, Leung J, Terada K, Toft M,
et al. CD36 mediates the innate host response to
beta-amyloid. J Exp Med 2003;197:1657–66.
[46] Bamberger ME, Harris ME, McDonald DR, Husemann J,
Landreth GE. A cell surface receptor complex for fibrillar
beta-amyloid mediates microglial activation. J Neurosci
2003;23:2665–74.
[47] Kryukov GV, Castellano S, Novoselov SV, Lobanov AV, Zehtab
O, Guigo R, et al. Characterization of mammalian
selenoproteomes. Science 2003;300:1439–43.
[48] Vejda S, Piwocka K, McKenna SL, Cotter TG. Autocrine
secretion of osteopontin results in degradation of I kappa B in
Bcr-Abl-expressing cells. Br J Haematol 2005;128:711–21.
[49] Netea MG, Marodi L. Innate immune mechanisms for
recognition and uptake of Candida species. Trends Immunol
2010;31:346–53.
[50] Johnson GL, Lapadat R. Mitogen-activated protein kinase
pathways mediated by ERK, JNK, and p38 protein kinases.
Science 2002;298:1911–2.
[51] Hollifield M, Bou Ghanem E, de Villiers WJ, Garvy BA.
Scavenger receptor A dampens induction of inflammation in
response to the fungal pathogen Pneumocystis carinii. Infect
Immun 2007;75:3999–4005.
[52] Villwock A, Schmitt C, Schielke S, Frosch M, Kurzai O.
Recognition via the class A scavenger receptor modulates
cytokine secretion by human dendritic cells after contact
with Neisseria meningitidis. Microbes Infect 2008;10:1158–65.
[53] Ford JW, McVicar DW. TREM and TREM-like receptors in
inflammation and disease. Curr Opin Immunol 2009;21:38–46.
[54] Ji XH, Yao T, Qin JC, Wang SK, Wang HJ, Yao K. Interaction
between M-CSF and IL-10 on productions of IL-12 and IL-18
and expressions of CD14, CD23, and CD64 by human
monocytes. Acta Pharmacol Sin 2004;25:1361–5.
[55] Katsumoto T, Mitsushima A, Kurimura T. The role of the
vimentin intermediate filaments in rat 3Y1 cells elucidated
by immunoelectron microscopy and computer-graphic
reconstruction. Biol Cell 1990;68:139–46.
[56] Dustin ML, Olszowy MW, Holdorf AD, Li J, Bromley S, Desai N,
et al. A novel adaptor protein orchestrates receptor
patterning and cytoskeletal polarity in T-cell contacts. Cell
1998;94:667–77.
[57] Goode BL, Eck MJ. Mechanism and function of formins in the
control of actin assembly. Annu Rev Biochem 2007;76:
593–627.
[58] Broers JL, Ramaekers FC, Bonne G, Yaou RB, Hutchison CJ.
Nuclear lamins: laminopathies and their role in premature
ageing. Physiol Rev 2006;86:967–1008.
[59] Lovric J, Dammeier S, Kieser A, Mischak H, KolchW. Activated
raf induces the hyperphosphorylation of stathmin and the
reorganization of the microtubule network. J Biol Chem
1998;273:22848–55.
[60] Palmgren S, Vartiainen M, Lappalainen P. Twinfilin, a
molecular mailman for actin monomers. J Cell Sci 2002;115:
881–6.
[61] Williams GT. Programmed cell death: a fundamental
protective response to pathogens. Trends Microbiol 1994;2:
463–4.
[62] Akarid K, Arnoult D, Micic-Polianski J, Sif J, Estaquier J,
Ameisen JC. Leishmania major-mediated prevention of
programmed cell death induction in infected macrophages is
associated with the repression of mitochondrial release of
cytochrome c. J Leukoc Biol 2004;76:95–103.
[63] Fischer SF, Schwarz C, Vier J, Hacker G. Characterization of
antiapoptotic activities of Chlamydia pneumoniae in human
cells. Infect Immun 2001;69:7121–9.
[64] Toossi Z, Wu M, Rojas R, Kalsdorf B, Aung H, Hirsch CS, et al.
Induction of serine protease inhibitor 9 by Mycobacterium
tuberculosis inhibits apoptosis and promotes survival of
infected macrophages. J Infect Dis 2012;205:144–51.
[65] Ibata-Ombetta S, Idziorek T, Trinel PA, Poulain D, Jouault T.
Candida albicans phospholipomannan promotes survival of
phagocytosed yeasts through modulation of bad
phosphorylation and macrophage apoptosis. J Biol Chem
2003;278:13086–93.
[66] Sarkey JP, Chu M, McShane M, Bovo E, Mou YA, Zima AV, et al.
Nogo-A knockdown inhibits hypoxia/reoxygenation-induced
activation of mitochondrial-dependent apoptosis in
cardiomyocytes. J Mol Cell Cardiol 2011;50:1044–55.
[67] Martin J, Magnino F, Schmidt K, Piguet AC, Lee JS, Semela D,
et al. Hint2, a mitochondrial apoptotic sensitizer
down-regulated in hepatocellular carcinoma.
Gastroenterology 2006;130:2179–88.
[68] Vento MT, Zazzu V, Loffreda A, Cross JR, Downward J,
Stoppelli MP, et al. Praf2 is a novel Bcl-xL/Bcl-2 interacting
protein with the ability to modulate survival of cancer cells.
PLoS One 2010;5:e15636.
[69] Landais I, Lee H, Lu H. Coupling caspase cleavage and
ubiquitin–proteasome-dependent degradation of SSRP1
during apoptosis. Cell Death Differ 2006;13:1866–78.
[70] Yamakawa N, Tsuchida K, Sugino H. The rasGAP-binding
protein, Dok-1, mediates activin signaling via
serine/threonine kinase receptors. EMBO J 2002;21:1684–94.
[71] Sears D, Luong P, Yuan M, Nteliopoulos G, Man YK, Melo JV,
et al. Functional phosphoproteomic analysis reveals
cold-shock domain protein A to be a Bcr-Abl
effector-regulating proliferation and
transformation in chronic myeloid leukemia. Cell Death Dis
2010;1:e93.
[72] Cao W, Liu N, Tang S, Bao L, Shen L, Yuan H, et al.
Acetyl-coenzyme A acyltransferase 2 attenuates the
apoptotic effects of BNIP3 in two human cell lines. Biochim
Biophys Acta 2008;1780:873–80.
[73] Christophi GP, Hudson CA, Panos M, Gruber RC, Massa PT.
Modulation of macrophage infiltration and inflammatory
activity by the phosphatase SHP-1 in virus-induced
demyelinating disease. J Virol 2009;83:522–39.
134 J O U R N A L O F P R O T E O M I C S 9 1 ( 2 0 1 3 ) 1 0 6 – 1 3 5
115
[74] Kim KH, Gao Y, Walder K, Collier GR, Skelton J, Kissebah AH.
SEPS1 protects RAW264.7 cells from pharmacological ER
stress agent-induced apoptosis. Biochem Biophys Res
Commun 2007;354:127–32.
[75] Li X, Baumgart E, Morrell JC, Jimenez-Sanchez G, Valle D,
Gould SJ. PEX11 beta deficiency is lethal and impairs neuronal
migration but does not abrogate peroxisome function. Mol
Cell Biol 2002;22:4358–65.
[76] Craig RW. MCL1 provides a window on the role of the BCL2
family in cell proliferation, differentiation and tumorigenesis.
Leukemia 2002;16:444–54.
[77] Sly LM, Hingley-Wilson SM, Reiner NE, McMaster WR.
Survival of Mycobacterium tuberculosis in host macrophages
involves resistance to apoptosis dependent upon induction of
antiapoptotic Bcl-2 family member Mcl-1. J Immunol
2003;170:430–7.
[78] Peng Q, Malhotra S, Torchia JA, Kerr WG, Coggeshall KM,
Humphrey MB. TREM2- and DAP12-dependent activation of
PI3K requires DAP10 and is inhibited by SHIP1. Sci Signal
2010;3:ra38.
[79] Bewley MA, Pham TK, Marriott HM, Noirel J, Chu HP, Ow SY,
et al. Proteomic evaluation and validation of cathepsin D
regulated proteins in macrophages exposed to Streptococcus
pneumoniae. Mol Cell Proteomics 2011;10 [M111 008193].
[80] Lahat G, Zhu QS, Huang KL, Wang S, Bolshakov S, Liu J, et al.
Vimentin is a novel anti-cancer therapeutic target; insights
from in vitro and in vivo mice xenograft studies. PLoS One
2010;5:e10105.
[81] Colombo E, Bonetti P, Lazzerini Denchi E, Martinelli P,
Zamponi R, Marine JC, et al. Nucleophosmin is required for
DNA integrity and p19Arf protein stability. Mol Cell Biol
2005;25:8874–86.
[82] Deguchi A, Soh JW, Li H, Pamukcu R, Thompson WJ,
Weinstein IB. Vasodilator-stimulated phosphoprotein (VASP)
phosphorylation provides a biomarker for the action of
exisulind and related agents that activate protein kinase G.
Mol Cancer Ther 2002;1:803–9.
[83] Wisdom R, Johnson RS, Moore C. c-Jun regulates cell cycle
progression and apoptosis by distinct mechanisms. EMBO J
1999;18:188–97.
[84] Wai PY, Kuo PC. The role of Osteopontin in tumor metastasis.
J Surg Res 2004;121:228–41.
[85] Rotstein D, Parodo J, Taneja R, Marshall JC. Phagocytosis of
Candida albicans induces apoptosis of human neutrophils.
Shock 2000;14:278–83.
[86] Heidenreich S, Otte B, Lang D, Schmidt M. Infection by
Candida albicans inhibits apoptosis of human monocytes and
monocytic U937 cells. J Leukoc Biol 1996;60:737–43.

















Fig. S.2. Overview of  interesting phosphopeptides  identified  in RAW 264.7 macrophages  in response 
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In response to different stimuli, macrophages can differentiate into either a pro-inflammatory 
subtype (M1, classically activated macrophages) or acquire an anti-inflammatory phenotype (M2, 
alternatively activated macrophages). Candida albicans is the most important opportunistic fungus 
in nosocomial infections, and it is contended by neutrophils and macrophages during the first steps 
of the invasive infection. Murine macrophages responses to C. albicans have been widely studied, 
whereas the responses of human polarized macrophages remain less characterized. In this study 
we have characterized the proteomic differences between human M1- and M2-polarized 
macrophages, both in basal conditions and in response to C. albicans, by quantitative proteomics 
(2-Dimensional In Gel Electrophoresis). This proteomic approach allowed us to identify metabolic 
routes and cytoskeletal rearrangement components that are the most relevant differences between 
M1 and M2 macrophages. The analysis has revealed Fructose 1,6-bisphosphatase (Fbp1), a critical 
enzyme in gluconeogenesis, up-regulated in M1, as a novel protein marker for macrophage 
polarization. Regarding the response to C. albicans, an M1-to-M2 switch in polarization was 
observed. This M1-to-M2 switch might contribute to Candida pathogenicity by decreasing the 
generation of specific immune responses, thus enhancing fungal survival and colonization, or 
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1     Introduction 
 
Candida albicans is an opportunistic pathogen causing 
symptomatic infections especially in patients with compromised 
immune functions [1-3] . This opportunistic yeast possesses the 
remarkable ability to survive and proliferate in a changing 
environment, adapting its growth to physiological extremes of 
pH, osmolarity, availability of nutrients, and temperature [4]. 
C. albicans is a commensal fungus present in the skin and 
mucosal flora in the majority of healthy humans. The transition 
from unicellular yeast to filamentous forms is a crucial 
C. albicans virulence factor, and appears to determine tissue 
invasion and escape from the host immune response [5]. 
Phagocytic cells play a key role in innate immunity against 
C. albicans, by capturing, killing and processing the pathogen 
for presentation to T cells. Furthermore, dendritic cells and 
macrophages are able to discriminate between C. albicans yeast 
and hyphal-phases, leading to different adaptive T helper 
responses in each case [5, 6]. Macrophages are phagocytic cells 




in the maintenance of tissue homeostasis, in the promotion and 
resolution of inflammation, and in tissue repair processes [7]. 
Macrophages exhibit a considerable phenotypic diversity and 
functional plasticity that confer them the ability to efficiently 
respond to tissue injuries. In general, two main subtypes of 
polarized macrophages have been defined: M1 and M2 [8, 9]. 
Macrophages differentiated under the influence of granulocyte 
macrophage colony-stimulating factor (GM-CSF), IFNɣ or 
pathogen-associated molecular patterns are termed M1 or 
classically activated, whereas those exposed to macrophage 
colony-stimulating factor (M-CSF), IL-4 or IL-13 are termed 
M2 or alternatively activated. M1 and M2 macrophages differ in 
their profile of cytokine, chemokine and cell surface receptors, 
and exert opposite effector functions during infectious and 
inflammatory responses. Upon stimulation, M1 macrophages are 
characterized by a proinflammatory cytokine response (IL 12high, 
IL 23high and IL 10low), generation of reactive oxygen and 
nitrogen intermediates, promotion of Th1 response, and strong 
microbicidal and tumoricidal activities. By contrast, M2 
macrophages are primarily immunosuppressive and 
characterized by an IL 12low, IL 23low, IL 10high phenotype, the 
promotion of Th2/Th regulatory, Treg, responses and potent 
tissue remodeling and tumor promotion activities, and exhibit an 
overall less efficient microbicidal capacity [10-12]. 
The response of murine macrophages to C. albicans has been 
widely studied by our group using proteomic and 
phosphoproteomic approaches. We have previously shown that 
C. albicans has a proinflammatory effect on RAW 264.7 
macrophages, where it also promotes changes in cytoskeleton 
and activates pathways that prevent macrophage apoptosis [13-
15]. In the present work we report for the first time the 
identification of the profile of differential protein expression in 
human M1 and M2 macrophages, as well as the determination of 
their distinctive responses to C. albicans. The 2D-DIGE 
technology has allowed us to identify 51 proteins differentially 
expressed between M1 and M2 macrophages, as well as the 
identification of 30 proteins whose expression is altered in either 
M1 or M2 macrophages exposed to C. albicans. Our results 
contribute to the dissection of the molecular mechanisms by 
which differentially polarized macrophages cope with 
pathogens, and can pave the way for the identification of novel 
antifungal strategies. 
 
2     Materials and  methods 
 
2.1    C. albicans strains 
 
The C. albicans strain was a clinical isolate (SC5314) [16], and 
was maintained on solid YED medium (1% D-glucose, 1% 
Difco Yeast Extract and 2% agar) and incubated at 30ºC for at 
least 2 days before use. 
 
2.2    Isolation and culture of human blood derived 
macrophages 
Human peripheral blood mononuclear cells (PBMC) were 
isolated from buffy coats of healthy donors over a Lymphoprep 
(Nycomed Pharma, Oslo, Norway) gradient according to 
standard procedures [17]. Monocytes were purified from PBMC 
by magnetic cell sorting using anti-CD14-coated beads (Miltenyi 
Biotech, Bergisch Gladbach, Germany). To generate M1 (GM-
CSF) and M2 (M-CSF) monocyte-derived macrophages, CD14+ 
cells were cultured onto 12-wells plates at a concentration of 
0.5x106 cells/ml for 7 days in complete medium supplemented 
with 1000 U/ml rhGM-CSF (ImmunoTools) or 10 ng/ml M-CSF 
(ImmunoTools), respectively, and with cytokine addition every 
two days. After 7 days, positive control M1 and M2 
macrophages were stimulated with 10 ng/ml LPS and cultured 
for 24h before collecting supernatants for cytokine 
determination. 
 
2.3    Macrophage cell line 
 
For interaction studies, M1 or M2 macrophages were incubated 
with C. albicans at a MOI (multiplicity of infection; 
macrophage/yeast ratios) 1:0.1, 1:1 and 1:5. After 3, 6, 12 and 
18 h at 37°C, supernatants were collected and cytokines 
production was measured. 
 
2.4    Determination of cytokine production 
 
Supernatants from M1 and M2 macrophages (untreated, LPS- 
or Candida-treated) were tested for cytokine production by 
ELISA using matched paired antibodies specific for IL-10, 
TNF-α and IL6 (Immunotools) and IL-12p40 (BD 
Biosciences), and according to manufacturer’s instructions. 
Cytokine production was measured in a total of 8 independent 
macrophage preparations, and protein extracts from 4 of them 
were further analyzed by 2D-DIGE. 
 
2.5    C. albicans phagocytosis assays 
 
C. albicans yeasts were pre-labeled with 1 µM Oregon Green 
488 (Molecular Probes) in the dark with gentle shaking (30°C) 
for 1h. Dye uptake and cell viability were confirmed by 
visualization of green fluorescence using a FITC filter after 2 
washes with PBS and propidium iodide staining.  M1 and M2 
macrophages were generated onto 18-mm glass sterile 
coverslips placed in 12-well plates and confronted with 0.1, 1 or 
5 labeled yeasts per macrophage at 37ºC and 5% CO2. 
Interaction was stopped after 3, 6, 12 or 18h and cells were then 
washed with ice-cold PBS and fixed in 4% paraformaldehyde 
for 30 min. To distinguish between internalized and 
attached/non-ingested yeasts, C. albicans cells were 
counterstained with 2.5 M calcofluor white (Sigma) for 15 min 
in the dark. After several washes, coverslips were mounted with 
specific mounting medium (DakoCytomation Denmark A/S). 




adhered/non-ingested (calcofluor white blue fluorescence) were 
quantified by fluorescence microscopy with FITC 
(excitation/emission BP 480/30 and BP 535/40, respectively) 
and UV filters (excitation/ emission BP 365/12 and long pass 
397, respectively). Three different replicates with two different 
slides were prepared for each MOI and time point. At least 500 
C. albicans cells were scored per slide, and results were 
expressed as the percentage of yeasts internalized by 
macrophages. 
 
2.6    Candidacidal activity assay 
 
The Candidacidal activity in vitro was carried out by a growth 
inhibition assay by CFU measurement as previously reported 
[18]. In brief, M1 and M2 macrophages were confronted with 
0.1, 1 or 5 labeled yeasts per macrophage at 37 ºC in a 5% CO2 
tmosphere. As a control, the same amount of yeasts was grown 
in complete media. After 3, 6, 12 or 18h of interaction, fungi 
were diluted 1:200 and 1:2000 and the solutions were plated on 
YED agar in triplicate. After 24-48h at 30ºC, CFU were 
counted. Four independent experiments were carried out, and the 
statistical significance of the differences in CFU numbers was 
evaluated by using the Student t test. 
 
2.7    Cell lysates 
 
M1 and M2 macrophages from 4 different donors and exhibiting 
an adequate cytokine profile in response to LPS (M1: IL-10low, 
IL12high and M2: IL-10high, IL12low) [19] were infected with C. 
albicans at a 1:1 ratio. After 8h of co-culture, cells were washed 
3 times with PBS and protein samples were extracted in 200 µl 
of RIPA Buffer (150mM NaCl, 50mM Tris, pH 7.5, 1% NP40, 
0.25% sodium deoxycolate and 1:1000 protease inhibitor 
cocktail). Lysates were clarified by centrifugation at 14000 ×g at 
4 °C for 20 min and stored at -80 ºC.  To clean up samples, 
proteins were precipitated using the 2D-Clean Up Kit (GE 
Healthcare) and resuspended in 30mM Tris-HCl, 7M urea, 2M 
thiourea, 4% CHAPS. Protein concentration was determined 
using the Bradford assay (Bio-Rad). 
 
2.8    Quantitative proteomics 
 
2.8.1   Sample labeling 
 
Four biological replicates from control and treated M1 and M2 
macrophages were fluorescently labeled for DIGE analysis 
following the protocol of the manufacturer. Briefly, 200 pmol of 
Cy Dye (N-hydroxysuccinamide esters of cyanine fluorescent 
dyes from GE Healthcare) in 1µl of anhydrous N, N 
dimethylformamide (DMF, Sigma) per 25µg of protein were 
used. After 30 min of incubation on ice in the dark, the reaction 
was quenched with 10mM L Lysine for 10 min under the same 
conditions. 
2.8.2    Two-dimensional differential in-gel electrophoresis 
(2D-DIGE) 
 
Control and C. albicans-treated M1 and M2 macrophage labeled 
samples were combined according to the experimental design 
and four 2-DE gels were performed. Each gel contained a pair of 
Cy3 and Cy5 labeled samples (25µg of protein of each sample), 
corresponding to the control and treated M1 and M2 samples 
(dye-swaps were performed), and a 25µg aliquot of a Cy2 
labeled pooled standard made by mixing equal amounts of the 
four proteomes. The mixtures (75µg) were diluted 1:1 with the 
loading buffer [7M urea, 2M thiourea, 4% (w/v) CHAPS, 2% 
DTT and 4% pharmalytes, pH 3-11]. First dimension (IEF) of 
the 2DE was performed with 18 cm Immobiline IPG-strips (GE 
Healthcare) providing a non-linear pH 3-11 gradient, passively 
rehydrated with 350 µl of rehydration buffer [7M urea, 2M 
thiourea, 4% (w/v) CHAPS, 100mM DeStreak and 2% IPGphor 
buffer, pH 3-11] during 8h. The mixtures were then applied by 
cup loading. The IEF was performed at 20ºC using the following 
sequential steps: 120 V for 1 h; 500 V for 2h; 500-2000 V 
gradient for 2 h; 2000–5000 V gradient for 6h; 5000 V for 12h. 
After the IEF, strips were equilibrated for 12 min in reducing 
solution [100mM Tris-HCl (pH 8.0), 6M urea, 30% (v/v) 
glycerol, 2% (w/v) SDS, 2% (w/v) DTT], and then for 5 min in 
alkylating solution  [100mM Tris-HCl (pH 6.8), 6M urea, 30% 
(v/v) glycerol, 2% (w/v) SDS, and 2.5% (w/v) Iodoacetamide 
and 0.002% bromophenol blue]. The equilibrated strips were 
transferred onto 12% homogenous polyacrylamide gels (2.6% 
C) in low fluorescent glass plate using an Ettan-DALT six 
system (GE Healthcare). Electrophoresis was carried out at 
15W/gel for about at 20ºC. 
 
2.8.3. Image visualization and DIGE data analysis 
 
After electrophoresis, the differentially labeled co-resolved 
proteins within each gel were imaged using a Typhoon 9400 
laser scanner (GE Healthcare). For the Cy3, Cy5 and Cy2 image 
acquisition, the 532-nm/580-nm, 633-nm/670-nm and 488-
nm/520-nm excitation/emission wavelengths were used 
respectively, adjusting the pixel size resolution to 100 microns. 
The gel images obtained were cropped in the ImageQuant v5.1 
software (GE Healthcare). For spot detection, determination of 
quantity, inter-gel matching and statistics gel images were 
analyzed using DeCyder v6.5 software (GE Healthcare). The 
differential in-gel analysis (DIA) module was used to assign spot 
boundaries and to calculate parameters such as normalized spot 
volumes. The intergel variability was corrected by matching, 
and normalized with the internal standard spot maps in the 
biological variation analysis (BVA) module. Control versus 
treated (M1 and M2 separately) and M1 versus M2 (either 
untreated or exposed to Candida) comparisons were 
subsequently performed. Statistical significance was assessed for 
each change in abundance using Student’s t-test and 2-ANOVA 




95% confidence level when standardized average spot volume 
ratios exceeded ± 1.3 in at least six of the eight analyzed gels 
(i.e., 18 of the 24 analyzed images) [20].  
 
2.8.4. Protein identification by Mass Spectrometry 
 
After fluorescence scanning, the total protein profile was 
detected by staining the DIGE gels with Colloidal Coomassie 
Blue (CCB). The changes observed by 2D-DIGE analyses were 
aligned with CCB profiling, and the spots of interest were 
manually excised from the gels and transferred to 
microcentrifuge tubes. Samples were in-gel reduced, alkylated 
and digested with trypsin according to Sechi and Chait [21]. 
Briefly, spots were washed twice with double-distilled water, 
dehydrated with 75% acetonitrile (ACN) and dried in a Savant 
SpeedVac, reduced with 10mM DTT and alkylated with 55mM 
iodoacetamide. Finally, samples were digested with 12.5ng/l 
sequencing-grade trypsin (Roche Molecular Biochemicals, IN, 
USA) in 25 mM ammonium bicarbonate (pH 8.5) overnight at 
37ºC. After digestion, the supernatants were collected and 1µl 
was spotted onto a matrix assisted laser desorption ionization 
(MALDI) target plate and allowed to air-dry at room 
temperature. Then, 0.5µl of a 3mg/ml of α-cyano-4-hydroxy-
trans-cinnamic acid matrix in 0.1% TFA-50% ACN was added 
to the dried peptide digest spots and again allowed to air-dry 
again. MS analyses were performed in a MALDI-TOF/TOF 
spectrometer 4700 Proteomics Analyzer (PerSeptives 
Biosystems, Framingham, MA). The instrument was operated in 
reflector positive ion mode, with an accelerating voltage of 
20000 V. All mass spectra were internally calibrated using auto-
digested trypsin peptides. MALDI-TOF spectra with a signal-to-
noise 20 were collated and represented as a list of monoisotopic 
molecular weights. Proteins for which peptide mass fingerprints 
provided an ambiguous identification were subjected to MS/MS 
sequencing analyses. MALDI TOF/TOF fragmentation spectra 
with a signal-to-noise 10 were collected by selecting the suitable 
precursor ions of each MALDI-TOF peptide mass map. 
Fragmentation was carried out using the acquisition method 1kV 
ion reflector mode CID on and precursor mass window ±10 Da.  
Protein identification was done at the Proteomics Facility of 
Universidad Complutense de Madrid-Parque Científico de 
Madrid, Spain (UCM-PCM), a member of ProteoRed Network. 
For protein identification, the monoisotopic peptide mass 
fingerprinting data obtained from MS and the amino acid 
sequence obtained from each peptide fragmentation in MS/MS 
analyses were used to search for protein Candidates using 
Mascot version 2.1 from Matrix Science 
(http://www.matrixscience.com). The searches for peptide mass 
fingerprints and tandem MS spectra were performed using 
Swiss-Prot release 53.0 (http://www.expasy.ch/sprot) and 
TrEMBL release 37.0 (http://www.ebi.ac.uk/trembl) databases 
without taxonomy restriction, containing 269293 and 4672908 
sequence entries respectively for each software version and 
database release. The Mascot search parameters were (1) 
species, all; (2) allowed number of missed cleavages, 1; (3) 
fixed modification, carbamidomethyl cystein; (4) variable 
modifications, methionine oxidation; (5) peptide tolerance, ± 50 
(PMF) -100 (combined search) ppm; (6) MS/MS tolerance, ± 0.3 
Da; and (7) peptide charge, + 1. In all identified proteins, the 
probability score was greater than the one fixed by Mascot as 
being significant, that is, a p value < 0.05. The parameters for 
the combined search (peptide mass fingerprint and MS/MS 
spectra) were the same as described above. 
 
2.9. Quantitative PCR 
 
Total RNA was extracted using the RNeasy® Mini kit or 
AllPrep® DNA/RNA/Protein Mini kit (Qiagen, Germany) 
following manufacturer's guidelines. cDNA was synthesized 
using the Reverse Transcription System kit (Applied 
Biosystems, USA). Oligonucleotides for selected genes were 
designed according to the Roche software (Universal Probe 
Roche library). Quantitative real-time PCR (qRT-PCR) was 
performed or an iQTM5 (Biorad, USA). Assays were made in 
triplicate and results normalized according to the expression 





Fifty µg of protein per well were separated onto 10% SDS-
polyacrylamide minigels and transferred to Hybond-ECL 
Nitrocellulose membranes (Amersham Biosciences). The 
western-blotting was performed with Odyssey system (Infrared 
Imaging System (LI-COR Biosciences, Nebraska, USA), which 
allows the measurement of the relative levels of fluorescence of 
the different bands and simultaneous labeling with 2 different 
antibodies. After 1h of incubation with primary antibodies: 
1/2000 monoclonal anti-Vimentin (SIGMA), 1/2000 monoclonal 
anti-Moesin (Abcam), 1/2000 monoclonal anti-Actin (ICN 
Biomedicals), 1/3000 rat polyclonal Anti-Tubulin 
(Serotec/Bionova), 1/1000 rabbit polyclonal anti-Enolase A 
(Santa Cruz), membranes were washed 4 times in PBS with 0.1 
% Tween-20. After this, membranes were incubated with 
fluorescently labeled secondary antibodies: 1/4000 IRDye 
800CW conjugated Goat (polyclonal) anti-Rabbit IgG, 1/2000 
highly cross absorbed (LI-COR Biosciences) and 1/4000 IRDye 
680 conjugated Goat (polyclonal) anti-Mouse IgG, highly cross 
absorbed (LI-COR Biosciences) or IRDye 680 Goat anti-Rat 
IgG, highly cross absorbed (LI-COR Biosciences) for 60 min at 
room temperature and protected from light. The membranes 
were washed again and scanned for fluorescence detection with 
Odyssey system (LI-COR Biosciences, Nebraska, USA). Data 
were expressed as mean  SD. The unpaired Student’s t-test 
was used to compare differences between groups and p<0.05 
was considered significant. 
 





M1 and M2 macrophages were cultured and differentiated onto 
18-mm coverslips placed in 12-well plates during 7 days at 37ºC 
and 5% CO2. After this, macrophages were confronted with C. 
albicans at 37ºC and 5% CO2 during 8h, at a ratio 1:1. 
Coverslips were washed twice with PBS and cells were fixed 
with 3.7% formaldehyde in PBS for 30 min at 4ºC. The 
coverslips were then washed twice with PBS and cell 
membranes were permeabilized for 15 min with PBS containing 
0.2% Tween 20 at room temperature. At that point, the 
coverslips were washed twice 10 min in gentle sacking, and 
overlaid with 1/500 monoclonal anti-Moesin (Abcam), 
incubated for 1h, washed with PBS 3 times and overlaid with 
1/2000 Alexa Fluor 568 anti-mouse antibody (Invitrogen) and 
with 1/2000 Phalloidin FITC (Sigma-Aldrich), incubated for 1h, 
washed with PBS 3 times in the dark and mounted with anti-
fading solution with DAPI. Digital images were captured using 
a confocal fluorescence microscopy Leica TCS SP2. 
 
3     Results 
 
3.1    Effector functions of M1 and M2 macrophages 
in response to C. albicans 
 
In an attempt to understand the response of human macrophages 
against C. albicans infections, the effector functions of M1 and 
M2 macrophages exposed to live C. albicans SC5314 strain 
were assessed. In addition, and to dissect the molecular 
mechanisms underlying the macrophage antifungal response, we 
evaluated the proteomic signature of control and C. albicans-
treated M1 (GM-CSF) and M2 (M-CSF) macrophages.  
Using 4 donors, first, cytokine secretion, C. albicans 
phagocytosis and killing by M1 and M2 macrophages were 
evaluated at different macrophage:Candida MOIs (10:1, 1:1 and 
1:5) and at different interaction times (3, 6, 12 and 18h), as a 
means to determine the experimental condition that produces an 
adequate balance between macrophage stimulation and 
pathogen-induced cell death. At a MOI 10:1 the macrophages 
response to the yeast was moderate, while at 1:5 ratio the 
interaction with Candida was toxic for the macrophages. At a 
MOI of 1:1, M2 macrophages exhibited a lower, although non 
statistically significant, yeast uptake than M1 macrophages after 
3h and the difference disappeared at later time points 
(Supplemental Figure S1 A and B). Regarding fungicidal 
activity, M2 macrophages exhibited a higher killing ability after 
3h, but the Candidacidal ability of both macrophage 
subpopulations was similar at longer co-incubation times 
(Supplemental Figure S1C). On the other hand, and as expected, 
the presence of Candida yeasts during 12-18h induced the 
production of higher levels of IL-12p40 in M1 and IL-10 in M2 
macrophages (Supplemental Figure S1D). Since a 12h 
incubation usually led to an unacceptably high level of 
macrophage death, all subsequent experiments were done using 
a 1:1 macrophage-yeast ratio and a co-incubation time of 8h. 
 
3.2    Comparative proteomic analysis of M1 and M2 
macrophages and their response to C. albicans infection 
 
Once the functional response of M1 and M2 macrophages to C. 
albicans had been analyzed and the optimal conditions for the 
macrophage-yeast co-culture established, fully polarized M1 and 
M2 macrophages from 4 different donors were exposed to C. 
albicans infection and proteomic analysis was carried out. As 
shown in Figure 1, whereas LPS yielded the expected cytokine 
profile in M1 and M2 macrophages, the 8h exposure to C. 
albicans only increased the production of IL-10 by M2 
macrophages, not having a significant effect on the expression of 
the rest of the analyzed cytokines in either M1 or M2 
macrophages (Figure 1). 
 
 
Figure 1. Cytokine profile of C. albicans-stimulated M1- and M2-
polarized macrophages. IL-10 (A), IL-12p40 (B), TNFα (C) and IL-6 (D) 
levels in M1 and M2 macrophages exposed to either C. albicans or LPS 
(as positive control), as determined by ELISA. Macrophages were either 
untreated or treated with C. albicans for 8h or LPS (10ng/ml) for 24h. 
Data are represented as mean ± SD (n=4), and statistical significance 
relative to the corresponding non-stimulated macrophage subtype is 





Figure 2. Flow chart for analysis of M1 and M2 macrophages proteome and their response to C. albicans. Workflow of the quantitative 
2-D DIGE. Four replicates of M1 and M2 macrophages, control and after 8h of interaction with C. albicans were obtained and labeled 
with Cy3 and Cy5. Internal standard consisted of a pool of all the protein samples used in the experiment. Differentially expressed 
proteins determined by 2-D DIGE were excised from the gel and identified by Mass Spectrometry. 
Protein samples of untreated or Candida-exposed (8h, MOI 1:1) 
M1 and M2 macrophages were analyzed using 2D-DIGE 
methodology according to the scheme shown in Figure 2. After 
eight-plex 2D-DIGE, 3 individual images were obtained from 
each gel, corresponding to Cy2-, Cy3- and Cy5-labeled samples. 
The 24 gel images were analyzed using DeCyder software. 
Differences in protein expression between M1 and M2 
macrophages on the one hand, and the C. albicans effect on M1 
or M2 protein profile on the other hand, were analyzed. DIA 
analysis allowed the detection of a total of 1889 protein spots on 
each image. Then, inter-image spot matching was carried out by 
BVA analysis. In this step, 1527 spots were matched on the gels, 
and their average abundances among the 24 images of our study 
were calculated. Only changes within 95% confidence interval  
(p<0.05) and with standardized average spot volume ratios 
exceeding 1.3 in at least 6 of the 8 analyzed gels were 
considered. Regarding untreated macrophages, this analysis 
identified 83 spots with higher intensity in M1 macrophages, and 
61 spots with higher intensity in M2 macrophages (Figure 3)
Figure 3. Representative 2-DE of M1 and M2 
polarized macrophages. Proteins were resolved in the 
3-11 (non linear) pH range on the first dimension, and 
on 10% polyacrylamide gels on the second dimension. 
Proteins differentially expressed between M1 and M2 
macrophages (Ratio=M1/M2) were identified by mass 
spectrometry. Spots included into triangles match 
proteins that are more abundant in M1 macrophages 
while circled spots correspond to proteins with higher 

























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































When comparing control C. albicans-treated macrophages, the 
analysis yielded 12 spots with higher intensity and 2 spots with 
lower intensity in C. albicans-treated M1 macrophages (Figure 
4A). For M2 macrophages, 20 spots showed increase and 26 
showed decrease in intensity upon interaction with yeasts 
(Figure 4B).  
The spots with different intensity in the various comparisons 
were subsequently digested in-gel and analyzed by MALDI-
TOF-MS. Mascot database search using the peptide mass 
fingerprint spectra allowed the identification of the proteins in 
71 spots identified from the gels corresponding to the M1-M2 
comparison (Figure 3), 11 spots from the gels corresponding to 
the treated versus control M1 comparison (Figure 4A) and 31 in 
the untreated versus Candida treated macrophage M2 
comparison (Figure 4B). Proteins identified as differentially 
expressed at the distinct experimental conditions are 
summarized in Table 1 (M1 versus M2 macrophages), Table 2 
(untreated versus Candida-treated M1 macrophages) and Table 
3 (untreated versus Candida-treated M2 macrophages), with 
detailed information regarding accession number, experimental 
and theoretical pI and MW values, and identification parameters. 
 
Figure 4. Representative 2-DE of M1 and M2 in response to C. albicans. Proteins were resolved in the 3-11 (non linear) pH range on 
the first dimension, and on 10% polyacrylamide gels on the second dimension. Proteins exhibiting a significantly altered expression in 
M1 (A) and M2 macrophages (B) after interaction with C. albicans were identified by mass spectrometry. Circled spots match with 
down-expressed proteins in macrophages after the interaction with the yeast and spots included into triangles match with over-expressed 
proteins.  
A database search was carried out to assess the activity of the 
differentially expressed proteins in order to assign them into 
distinct functional groups. The analysis of the proteins 
differentially expressed between M1 and M2 macrophages 
revealed a significant enrichment in proteins related to 
metabolism and cytoskeleton rearrangement (Table 1). This 
result is compatible with the considerable morphological 
differences existing between monocyte-derived M1 and M2 
macrophages 19. On the other hand, most of the proteins 
regulated in M1 macrophages in response to Candida were 
related to stress response and cytoskeleton (Table 2), whereas 
those modulated by Candida in M2 macrophages were related 
to stress, cytoskeleton and metabolism (Table 3).  
 
 
3.3    Validation of the proteomic analysis 
As a means to confirm the above proteomic results, protein 
extracts were generated from 3 independent untreated and 
C. albicans-treated macrophage samples, and the levels of 
differentially expressed proteins were analyzed by Western 
blotting. For the M1/M2 comparison, Moesin and Enolase-1 
were chosen, while Vimentin was selected to validate the M1 
response to C. albicans, and Vimentin, Actin, Moesin and 
Tubulin for the M2 macrophage response to Candida. Western 
blot data confirmed the increase in Moesin and the decrease in 
Enolase in M2 macrophages (Figure 5A), the increase in 
Vimentin both in M1 and M2 macrophages after interaction with 
Candida (Figure 5B and C), and the decrease in Moesin, Actin 
























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Additionally, qRT-PCR was also used to confirm the proteomic 
data. In this case, the relative level of SERPINB2 mRNA was 
determined, since PAI-2 (the SERPINB2 gene-encoded protein) 
was found to be significantly more expressed in M2-polarized 
macrophages (Figure 3). Analysis of two independent samples 
revealed that SERPINB2 levels were higher in M2 than in M1 
macrophages in agreement with DIGE results (Figure 5D). 
Besides, SERPINB2 mRNA increased in both M1 and M2 
macrophages after the interaction with C. albicans (Figure 5D), 
also in concordance to the proteomic results.  
 
Figure 5. Validation of the differential expression of proteins in 
M1 and M2 macrophages by western-blotting and qPCR. 
Western blot quantification (Arbitrary Fluorescence Units:AFU) 
of the levels of Moesin and Enolase A (A), Vimentin (B), 
Moesin, Vimentin Actin and Tubulin (C) in macrophages under 
the experimental conditions indicated. (D) SERPINB2 mRNA 
expression levels determined by qRT-PCR in M1 and M2 
macrophages either treated or untreated with C. albicans for 8h 
or LPS (10ng/ml) for 24h. Means ± SD are shown. Statistically 
significant differences are indicated (*, p<0.05; **, p<0.01; ***, 
p<0.001). 
Finally, cytoskeleton immunofluorescence (Moesin and Actin) 
was done in order to illustrate the differences in morphology 
between M1 and M2 macrophages. M1 macrophages display a 
more round morphology in vitro (with the typical “fried egg” 
morphology) compared to M2, which show a more elongated 
and fibroblastoid shape [22] (Figure 6). Actin showed a decrease 
in their cytoplasmic concentrations, as it appeared both in the 
2D-DIGE results and in the Western blot validations. However, 
actin cytoskeleton immunofluorescence showed that the 
decrease in cytoplasmic actin might be caused by the intense 
polymerization of actin to the phagocytic cups around 
C. albicans (Figure 6). Consequently, the extraction procedure, 
which is not so efficient for isolation of cytoskeletal proteins, 
might be causing this apparent contradiction. Nevertheless, these 
results suggest that the infection with the yeast has a global 
impact on actin, myosin and intermediate filaments distribution 
in macrophages. 
 
Figure 6. Differential location of Actin and Moesin in M1 and 
M2 polarized macrophages. Representative images showing 
Phalloidin staining (Actin) and Moesin inmunofluorescence in 
M1 and M2 control macrophages and after the incubation with 
C. albicans for 8h. 
4     Discussion 
 
Macrophages play a crucial role in innate and adaptive 
immunity and are key mediators in the inflammatory response, 
host defense and maintenance of tissue homeostasis. 
Depending on the surrounding signals, macrophages 
differentiate into a proinflammatory subtype (M1), also known 
as classically activated, or an anti-inflammatory and tissue-
repairing subtype (M2), known as alternatively activated. 




and gene expression differences between M1 and M2 
macrophages [23-25] and the differences in their response to 
different microorganisms such as Trypanosoma brucei [26], 
Mycobacterum tuberculosis [27], Salmonella species, and 
Listeria monocytogenes [28, 29]. Phenotypic markers of 
murine polarized macrophages have been extensively studied, 
whereas their human counterparts remain less characterized. In 
this study we have explored for the first time the differences in 
the proteome between M1 and M2 polarized human 
macrophages as well as in the dissimilarities between M1 or 
M2 responses against C. albicans. Due to the relevance of the 
M1/M2 switch in inflammation, tumorigenesis and wound 
healing [30, 31], this proteomic approach will contribute to 
understand the differences in the molecular mechanisms of 
macrophage polarization and to the identification of novel 
opportunities for generating more efficient immune and 
inflammatory responses against C. albicans. Besides, new 
virulence factors of this pathogen can be unraveled.  
The 2D-DIGE comparisons between M1 and M2 polarized 
human macrophages have allowed the identification of 144 
spots, 71 of which were subsequently identified and found to 
correspond to 51 proteins (Figure 3). Functional analysis of the 
differentially expressed proteins revealed that the most relevant 
pathways significantly modulated by macrophage polarization 
were metabolic routes, stress and immune responses, as well as 
cytoskeleton rearrangement (Table 1). Metabolism related 
proteins were the most affected functional category between 
M1/M2 macrophages. These proteins are involved in different 
metabolic routes, such us glycolysis, gluconeogenesis, 
tricarboxylic cycle, oxidative phosphorylation and pentose 
phosphate shunt. These findings are well in agreement with the 
known intrinsic metabolic differences between M1 and M2 
macrophages, as well as with the different response to hypoxia 
shown by both macrophage subtypes [32]. This latter study 
revealed that the anaerobic glycolitic pathway prevails in M1 
macrophages, whereas the oxidative glucose metabolism and the 
fatty acid oxidation preponderate in M2 [32]. Accordingly, and 
in line with this findings, the differentially expressed proteins 
between M and M2 macrophages include Glucose 6-phosphate 
dehydrogenase (G6PD), Alpha enolasa (Eno1), Fructose 1,6-
bisphosphatase (Fbp1), Fructose bisphosphate aldolase A 
(AldoA), Aldose 1-epimerase (Galm), Phosphaglycerate mutase 
1 (Pgam1) and Triosephosphate isomerase (Tpi1) (Figure 7), all 
them directly involved in glycolysis and energy production. 
Altogether, these results further confirm that the status of 
glucose metabolism and energy production is a central 
difference between both types of macrophages, and points to 
several glycolytic enzymes as useful protein markers to 
distinguish M1 and M2 polarization states. Importantly, one of 
the most differentially expressed proteins is Fbp1, which was 
identified in 7 different 2D-DIGE protein species. Fbp1, that 
catalyzes the hydrolysis of fructose-1,6-biphosphate, is 
regulated through Pfk-2 (Phosphofructokinase 2) and Fbpase-2 
(Fructose 2,6-bisphosphate) activities and plays a critical role in 
gluconeogenesis. Consequently, Fbp1 constitutes an interesting 
marker that links macrophage polarization and its metabolic 
state, and represents a novel potential metabolic target for 
modulating macrophage polarization. G6PD has also been found 
as differentially expressed between both macrophage subtypes. 
Interestingly, G6PD is a major intracellular source of NADPH 
generation and the first and rate-limiting enzyme of the pentose 
phosphate pathway (PPP), whose modulation influences 
macrophage polarization (greater flux through in M1, reduced 
flow through PPP in M2) [33]. The higher levels of G6PD in M1 
macrophages might therefore result in increased NADPH levels, 
which are required both for the production of ROS and RNS, 
and for the elimination of these ROS via glutathione peroxidase 
and catalase in different cell types [34, 35]. 
The higher expression of superoxide dismutase (SOD2) that we 
have found in M2 macrophages is in agreement with the reduced 
production of reactive oxygen species (ROS) and, consequently, 
with the lower microbicidal ability reported for alternative 
macrophages [8, 9]. However, in our hands, M2 macrophages 
were able to kill C. albicans as efficiently as M1 macrophages at 
8h of co-incubation, suggesting the involvement of oxygen 
independent mechanisms in this candidacidal activity. 
Alternatively, the ability of C. albicans to degrade and inhibit 
the production of host-derived ROS [5] may be more efficient 
against M1 macrophages, thus diminishing their antifungal 
activity and conferring them a phenotype similar to M2 
macrophages. 
Regarding the macrophage response to C. albicans, 2D-DIGE 
analyses revealed changes in 14 spots in C. albicans-treated M1 
macrophages and 40 spots in C. albicans-treated M2 
macrophages. As previously explained, M1 donors showed 
important biological variations among them, thus causing less 
significantly differentially expressed spots.  
The infection of macrophages with C. albicans causes an 
extreme remodeling of the host cell cytoskeleton that may affect 
functions such as phagocytosis, cytokinesis, mitosis, 
intracellular transport and endo- and exocytosis. In this regard, it 
is worth to bold that 4 out of the 11 proteins differentially 
expressed between control and Candida-treated M2 
macrophages are cytoskeletal components. In particular, cofilin 
expression is increased in M2 macrophages during the 
interaction with C. albicans while Arp2/3 expression is 
decreased. Since cofilin promotes the depolymerization of actin 
filaments and the Arp2/3 complex has a role in actin 
polymerization [36], it is conceivable that actin is more 
fragmented in infected M2 macrophages, with the consequent 
effect on cell migration, adhesion and phagocytosis. 
Besides cytoskeletal proteins, the functional analysis of the 
proteomic alterations induced in macrophages by C. albicans 
exposure also revealed differences in redox and stress related 
proteins, as well as proteins involved in the immune response 
and cell recognition. Interestingly, and when globally 
considered, the variations in protein expression observed seem 
to suggest that interaction with C. albicans skews the proteomic 
profile of M1 macrophages towards that of M2 macrophages. In 




whose release characterizes M1 macrophages, are not 
significantly induced in M1 macrophages after 8h of co-
incubation with C. albicans. Along the same line, the expression 
of PAI-2 and SOD2, two proteins found to be more abundant in 
M2 control macrophages, increases in both M1 and M2 
macrophages after fungal interaction. PAI-2 is induced during 
many inflammatory processes and viral, bacterial and parasitic 
infections [37, 38], and it is often one of the most up-regulated 
proteins in activated monocytes/macrophages, being up to 
0.25% of total protein [37]. Importantly, PAI-2 has been recently 
reported as a negative regulator of Th1-mediated immune 
responses [39], further reinforcing the idea of an M1-to-M2 
switch in macrophage polarization in the presence of 
C. albicans.  
 
Figure 7. Changes in the glycolytic enzymes in M1 and M2 macrophages. Chart showing that differentially expressed proteins between 
M1 and M2 macrophages are significantly enriched in enzymes of the gluconeogenic, glycolytic, and pentose phosphate pathways, as 
determined by Pathway enrichment analysis. Numbers indicate the ratio of the level of each protein in M1 macrophages relative to M2. 
Different ratios in the same protein designate different protein species located in different spots. 
The global proteomic comparison among M1 and M2 polarized 
macrophages, and their specific responses to the opportunistic 
pathogen C. albicans, has revealed that the most important 
differences between both types of macrophages are related to 
metabolic pathways, specifically glycolysis and 




to promote a M1-to-M2 switch in polarization as well as a 
limitation in Th1 inflammatory responses during fungal 
infection. Previous in vivo studies in mice in which the 
virulence of a wild type C. albicans and a mutant strain were 
compared, showed that the less virulent mutant induced less 
pro-inflammatory effect, reducing damage in mice, thus 
increasing survival to infection [40] among other effects. This 
might be pointing out to macrophage attempt to control 
inflammatory response in order to reduce host damage. 
However, previous experiments with RAW 264.7 murine 
macrophages have shown that the interaction with C. albicans 
induces a clear pro-inflammatory response [14, 15, 41] 
indicating that the kind of macrophages and the experimental 
condition (MOI macrophage:Candida) used are crucial to 
determine the response to the pathogen and the final result of the 
interaction. 
Whether the changes that we report here contribute to in vivo 
Candida pathogenicity by enhancing fungal survival and 
colonization, or by decreasing the generation of specific 
immune responses, or instead, it is part of the host attempt to 
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Los  macrófagos  son  unas  de  las  células 
inmunitarias  más  importantes  en  la  respuesta 
frente  las  infecciones,  participan  tanto  en  la 
respuesta  innata  como  en  la  adaptativa.  Tras  la 
activación  por  diversos  agentes,  son  capaces  de 
fagocitar  al  microorganismo,  secretar  citoquinas 
proinflamatorias  y  quimioquinas  para  tratar  de 
contener  y  eliminar  la  infección  (Plowden,  et  al., 
2004). Los macrófagos son muy importantes desde 
la  etapa  de  colonización  del  organismo  hasta  la 





SC5314  (cepa  parental  virulenta)  mediante  un 
análisis  proteómico.    El  estudio  de  las  proteínas 
que  varían  su  concentración  o  su 
activación/inactivación  en  los  macrófagos  por 




1.  RESPUESTA  DE  LOS  MACRÓFAGOS 
MURINOS FRENTE A C. albicans: 
Estudios previos de nuestro grupo se han centrado 
en  la  interacción Candida‐macrófago para  intentar 
encontrar  tanto  nuevos  factores  de  virulencia  y 
mecanismos de defensa activa de la levadura como 
mecanismos  de  actuación  del macrófago  para  la 
destrucción  del  hongo.  Dado  a  la  escasez  de 
estudios  proteómicos  y  genómicos  de  esta 
interacción,  nuestro  grupo  de  investigación  ha 
estudiado,  desde  ambos  puntos  de  vista 
proteómico y genómico, la respuesta de Candida a 
la interacción con el macrófago (Fernández‐Arenas, 
et  al.,  2007),  para  ello  se  utilizó  el  ratio  1:1 
(macrófago: levadura). En este trabajo se describió 
un cambio rápido en  la  levadura para adaptarse al 
ambiente  hostil  del  fagosoma.  Además  permitió 
hacer  una  hipótesis  sobre  la  muerte  celular 
programada o muerte por apoptosis de C. albicans 








una  fase  temprana de  la  interacción, 45 minutos, 
han permitido ver las diferencias entre la respuesta 
frente  a  las  levaduras  vivas  y  las  levaduras 
inactivadas por calor, permitiendo concluir que hay 
un gran cambio en procesos tan importantes como 
la  reorganización  del  citoesqueleto,  el 
metabolismo,  la  síntesis  de  proteínas  y  las 
respuestas  pro‐inflamatorias  y  de  estrés  celular 
frente  a  las  levaduras  vivas  mientras  que  las 
inactivadas tienen un efecto antiinflamatorio en los 
macrófagos.  Sin  embargo,  estos  estudios  del 
proteoma total no han permitido identificar ciertas 
proteínas que estaban variando en el macrófago en 
respuesta a  la  levadura porque  son minoritarias y 
su identificación es más difícil. 
Para  obtener  una  visión más  amplia  e  identificar 
una mayor cantidad de proteínas se procedió a  la 
obtención  secuencial  de  diferentes  extractos 
subcelulares:  citosol,  membranas/organelas, 
núcleo  y  citoesqueleto  aumentando  el  tiempo  de 
interacción a 3 horas. Estas fracciones enriquecidas 
en  las  proteínas  correspondientes  a  cada 
compartimento  se  analizaron  mediante  2D‐DIGE, 
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trabajo  descrito  en  el  capítulo  I.  Esta  tecnología 
permite  detectar  y  cuantificar  los  patrones  de 
expresión diferencial de una manera más sensible, 
eliminándose  las variaciones gel a gel  (debido a  la 
existencia  de  un  estándar  interno)  y  así  las 
comparaciones  entre  las  distintas  condiciones  en 
los diferentes geles pueden hacerse con un mayor 
grado de confianza.  
Todos  los  cambios  que  ocurren  en  el macrófago 
desde  el  reconocimiento  de  la  levadura  por  la 
célula fagocítica por los PRRs, llevan a la activación 
de  múltiples  redes  de  señalización  celular  y 
factores de transcripción específicos que median su 
respuesta  (McGreal,  et  al.,  2005,  Netea,  et  al., 
2008). La activación de los distintos receptores, por 
separado o combinados, dirigen todos  los cambios 
morfológicos  y  fisiológicos  en  el  macrófago,  así 
como  la presentación de antígenos a  las células T 
(McGreal,  et  al.,  2005). Muchas  de  estas  señales 
son  controladas  por  MAPK,  vía  cascadas  de 
fosforilación/defosforilación de estas proteínas en 
residuos  de  serina,  treonina  y  tirosina,  que  son 
blanco de diferentes kinasas y fosfatasas (Johnson, 
et  al.,  2004).  Por  este motivo,  se  describe  en  el 
capítulo  II  el  estudio  fosfoproteómico  realizado  a 
gran  escala,  basado  en  el marcaje metabólico  de 
las  proteínas  in  vivo    y,  el  posterior 
enriquecimiento  de  los  fosfopéptidos  mediante 
cromatografía.  Las  técnicas  proteómicas  sin  gel 
ofrecen una mayor sensibilidad que las técnicas en 
gel.  Sin  embargo,  debido,  sobre  todo,  a  que  los 
estudios  de  caracterización  funcional  de  la 
fosforilación  de  la mayoría  de  proteínas  son muy 
escasos,  los datos obtenidos son algo más difíciles 
de  analizar.  El  marcaje  metabólico  con 
aminoácidos  en  cultivo  celular  (SILAC)  combinado 
con  el  enriquecimiento  en  fosfopéptidos  (SIMAC: 
Sequential  IMAC:  Immobilized  Metal  Affinity 
Chromatography)  (Thingholm,  et  al.,  2008)  y  la 




datos  complementarios a  los de  la proteómica en 
gel. 
Ambas  técnicas  nos  proporcionan  mucha 
información  en  la  respuesta  de  los  macrófagos 
frente a las infecciones fúngicas pero, cada técnica 
tiene  sus  ventajas  e  inconvenientes.  Uno  de  los 
problemas de  la proteómica en gel, es  la cantidad 
de  proteína  presente  en  cada  mancha  proteica 
disponible  para  su  identificación,  además  de  ser 
muy  difícil  el  estudio  de  proteínas  de  alto  peso 
molecular  y  con  elevada  hidrofobicidad.  Por  el 
contrario, es muy útil para el estudio de diferentes 
isoformas  proteicas  y  para  realizar 
inmunoproteómica.  Por  otra  parte,  la  proteómica 
libre  de  gel  se  ha  ido mejorando  en  los  últimos 
años, aumentando su sensibilidad, reproducibilidad 
y    automatización.  Sin  embargo,  son muchos  los 
estudios que indican que la combinación de ambas 
técnicas proporcionan resultados complementarios 
(Charro,  et  al.,  2011,  Finamore,  et  al.,  2010).  Por 
tanto,  la  combinación  de  nuestros  estudios  de 
proteómica con gel  (2D‐DIGE) y  libre de gel  (SILAC 
+  MS/MS)  proporciona  una  visión  global  de  las 
funciones  afectadas  en  el  macrófago  tras  la 
interacción  con  C. albicans.  Hemos  visto  que  hay 
un  aumento  en  la  respuesta  inflamatoria,  un 
incremento  del  estrés  oxidativo,  cambios  en  el 
metabolismo y la reorganización del citoesqueleto, 
así  como  una  prevalencia  de  las  señales  anti‐
apoptóticas frente a las pro‐apoptóticas, que van a 
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ser detalladas  teniendo  en  cuenta  el  conjunto de 
los dos estudios. 
1.1.  Incremento  de  la  respuesta  oxidativa  y 
proinflamatoria. 
Uno  de  los  mecanismos  más  importantes  para 
contener  y  tratar  de matar  a  un  patógeno  es  la 
producción  de  una  gran  variedad  de  productos 
tóxicos,  como  son,  óxido  nítrico  (NO),  anión 




muchas  las  proteínas  que  están  favoreciendo  la 
respuesta  oxidativa  e  inflamatoria  en  la  célula 
fagocítica y que resumimos en la figura 12. 
Tras  la  interacción  con  C. albicans,  la  generación 
del    “estallido  respiratorio”  es  iniciado  por  el 
complejo NADPH oxidasa asociado a  la membrana 
celular  (Babior,  1999).  Este  complejo  está 
compuesto por diferentes subunidades, una de  las 
cuales  identificamos  en  nuestro  experimento  de 
SILAC:  Cyba  (Cytochrome  b‐light  chain  subunit), 
también  conocida  como  p22‐phox.  El  complejo 
produce  una  gran  cantidad  de  ROS  y  NOS, 
principales  efectores  del  daño  a  los  agentes 
patógenos,  pero  también  a  las  propias  proteínas 
del  macrófago.  Además,  el  aumento  de  Pex11b 
(Peroxisomal  biogenesis  factor  11),  de  Glut1 
(Glucose  transporter  type 1), del  receptor CD36  y 
de  Uqcrc1p  (Ubiquinol‐cytochrome  c  reductase 
core  protein  1)  (Sun,  et  al.,  2008),  junto  con  la 
disminución  de  la  proteína  Fabp4  (Fatty  acid‐
binding  protein)  y  las  oxidoreductasas  Prdx1 
(Peroxiredoxin  1)  (Shan,  et  al.,  2005)  y  Pdia1 
(Protein  disulfure  isomerase  1),  están 
contribuyendo a  la producción de O2–, H2O2 y NO‐. 
Este  incremento en el estrés oxidativo  intracelular 
se  validó  mediante  inmunofluorescencia  con 
dihidrorodamina  123  a  diferentes  tiempos  de 
interacción,  viéndose  una  acumulación  de  estas 
especies  reactivas  del  oxígeno  a  los  45 minutos, 
1’5h y 3h  (Figura 4, Capítulo I). 
Para  reducir  el  daño  por  el  estrés  oxidativo,  hay 
una  serie  de  proteínas  con  función  antioxidante 
que están aumentando en el macrófago, como son, 
SelS  (Selenoprotein  S),  Coq9  (Ubiquinone 
biosynthesis  protein)  y  Pycr  (Pyrroline‐5‐
carboxylate  reductase  1);  estas  proteínas  podrían 
estar  regulando  el  balance  redox  en  la  célula  y 
protegiendo  así  el  retículo  endoplasmático  de  los 
efectos  dañinos  del  estrés  oxidativo  (Pahl,  et  al., 
1997). 
El  aumento  de  la  síntesis  de  ribosomas 
mitocondriales está muy relacionado con el estrés 
oxidativo,  ya  que  sugiere  un  aumento  en  la 
actividad  de  la mitocondria  cuando  el macrófago 
está  interaccionando  con  la  levadura.  Las 
mitocondrias  son  muy  importantes  en  el 
metabolismo energético, la señalización celular y la 
muerte celular en células eucariotas  (Chan, 2006), 
por  lo que este  incremento en  la actividad, estaría 
sugiriéndonos  un  aumento  de  la  actividad  de  los 
macrófagos  para  combatir  la  infección.  Estudios 
previos  han  descrito  un  reclutamiento  de 
mitocondrias  a  los  fagosomas  tras  la  señalización 
mediada  por  TLRs,  además  de  un  aumento  en  la 
producción de ROS mitocondrial,  contribuyendo a 
la  actividad microbicida de  los macrófagos  (West, 




Respecto  al  efecto  en  la  respuesta  inflamatoria, 
son muchas  las proteínas que están directamente 
relacionadas  con  el  aumento  de  las  señales 
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proinflamatorias  en  el macrófago  en  respuesta  a 
Candida  (Figura  12).  La  disminución  de  Fabp4 
(Fatty  acid‐binding  protein)  altera  la  composición 
lipídica de  los macrófagos e  induce  la actividad de 
PPAR  (Peroxisome proliferator‐activated  receptor), 
lo que  lleva a  la expresión de CD36. La activación 
de  la  ruta  de  señalización  tirosin‐kinasa,  es  un 
punto  clave  para  la  regulación  de  las  rutas  de 
señalización de MAPK, como las rutas de ERK 1/2 y 






Además,  CD36  aumenta  tras  la  interacción  y  la 
fosforilación de ERK 1 y 2 se ha visto aumentada 
en  nuestro  modelo  a  diferentes  tiempos  de 
interacción,  desde  45  minutos  a  las  3  horas 
(Martínez‐Solano,  et  al.,  2009),  lo  que  indica  una 
activación  de  la  ruta  de  MAPK  por  C. albicans. 
Además, se ha descrito que Prdx1 y Pdia1 pueden 
suprimir  la  ruta  de  NF‐B  y  la  subsecuente 
respuesta  inflamatoria  (Hansen,  et  al.,  2007, 
Higuchi, et al., 2004, Kisucka, et al., 2008, Rhee, et 
al., 2005), por esta  razón  la disminución de estas 
proteínas  podría  estar  contribuyendo  al  aumento 
de  la  inflamación. El aumento de SelS (Kryukov, et 
al., 2003),  la  fosforilación de Spp1  (Osteopontin) y 
la disminución de  fosforilación de Nfatc2  (Nuclear 
factor of activated T‐cells, cytoplasmic 2) (Vejda, et 
al.,  2005),  tienen un papel muy  importante  en  la 
activación  de  esta  ruta NF‐B,  cuya  translocación 
posterior al núcleo activa la transcripción de genes 
que  codifican  citoquinas  proinflamatorias  (Pahl  y 
Baeuerle, 1997). 
También  se  han  identificado  una  serie  de 
receptores que aumentan con la interacción, como 
por  ejemplo  la  Galectina‐3  que  está  relacionada 
con inflamación, fagocitosis y adhesión a diferentes 
moléculas  (revisado  en  (Dumic,  et  al.,  2006)). 
Respecto  a  la  interacción  con  C. albicans,  se  ha 
descrito  que  es  un  receptor  que  reconoce  β1,2‐
oligomanosidos (Fradin, et al., 2000b) y es capaz de 
discriminar  entre  C. albicans  y  S. cerevisiae.  Esta 
proteína  está  aumentada  en  macrófagos  tras  la 
interacción  con  Candida  (Shin,  et  al.,  2006)  y  es 
necesaria para el reconocimiento de la levadura en 
macrófagos  tanto humanos  (Esteban, et al., 2011) 
como  murinos  (Jouault,  et  al.,  2006), 
contribuyendo  al  desarrollo  de  la  respuesta 
proinflamatoria  frente  a  C. albicans  (Jawhara,  et 
al.,  2008)  y  también  en  el  aumento  del  estrés 
oxidativo (Liu, et al., 1995). En este trabajo hemos 
validado  el  aumento  de  esta  proteína  en  la 
membrana  y  su  disminución  en  el  citosol  de  los 
macrófagos  tras  interaccionar  con  C. albicans, 
tanto  por  western  blotting  monodimensional  y 
bidimensional,  como  por  inmunofluorescencia 
(Figuras 3, 5 y 6, Capítulo I).  
Otro  receptor que  aumenta  tras  la  interacción  es 
CD14,  que  se  asocia  con  TLR4  para  el 
reconocimiento  de  otro  componente  de  la  pared 
celular  de  C. albicans,  el  manano  (O‐linked 
mannan) (Netea, et al., 2002). Este reconocimiento 
de  la  levadura  lleva a  la activación de una serie de 
rutas de señalización que terminan en la activación 
de diferentes  señales proinflamatorias,  como  son, 
la  activación  de  NF‐kB,  producción  de  NO,  de 
prostaglandina  E2,  IL‐6,  TNF‐α  y  COX‐2 




un  papel muy  importante  en  la mediación  de  la 
producción de citoquinas,  factores de crecimiento 
y estrés celular (Hollifield, et al., 2007, Johnson, et 




Cabe  destacar  una  proteína  muy  importante, 
identificada en ambos trabajos,  la Vimentina. Esta 
proteína  aumenta  tanto  en  la  membrana  de  los 
macrófagos  como en el  citoesqueleto  (Capítulo  I), 
pero también es la proteína que más cambia en los 
extractos  totales  (Capítulo  II).  La Vimentina es un 
filamento  intermedio  que  se  expone  en  la 
superficie  de macrófagos  activados  y  también  se 
secreta.  Esta  proteína  juega  un  papel  muy 
importante  durante  la  inflamación,  tiene  una 
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relación  directa  en  la  producción  de metabolitos 
oxidativos  y  en  la  muerte  de  microorganismos, 
viéndose su actividad aumentada por las citoquinas 
proinflamatorias  (Mor‐Vaknin,  et  al.,  2003). 
Estudios  de  microscopía  de  fluorescencia  han 
permitido validar este aumento de la proteína en el 
macrófago, sin embargo, su aumento no lleva a un 
cambio  en  su  localización,  ni  a  un  reclutamiento  
de  la  proteína  a  la  copa  fagocítica  tras  el 
reconocimiento de Candida  (Figura 3, Capítulo  II). 
Además,  Vimentina  y  Galectina‐3  son  secretadas 
por  los  macrófagos  y  se  ha  descrito  un  efecto 
microbicida  directo  de  las mismas.  En  el  caso  de 




Hemos  validado un  aumento de  las mismas en el 
sobrenadante de los macrófagos que interaccionan 
con C. albicans y comprobado que casi el 50% de la 
actividad  candidacida  de  los  macrófagos  podría 
atribuirse  a  los  componentes  de  dicho 
sobrenadante (Figura 6, Capítulo I). 
También  encontramos  señales  antiinflamatorias, 
por ejemplo, el aumento de Ptpn6 (Protein tyrosine 
phosphatase,  non‐receptor  type  6),  una  proteína 
tirosín‐fosfatasa  que  se  ha  visto  que  actúa  como 
regulador negativo de la señalización de citoquinas 
tanto en la inmunidad innata como en la adquirida  
(Christophi,  et  al.,  2009),  la  disminución  del 
receptor  Tyrobp  (TYRO  protein  tyrosine  kinase‐
binding  protein),  también  conocido  como  DAP12, 
se  asocia  a  TREM‐1  e  inicia  una  señalización 
regulando la magnitud de la respuesta inflamatoria 
para evitar una exacerbación de la misma (Ford, et 
al.,  2009).  El  mismo  efecto  podría  tener  la 




Ptges3  (Prostaglandin  E  synthase  3)  (Nakatani,  et 
al.,  2011)  estarían  incrementando  estas  señales 
antiinflamatorias. 
 
1.2.  C. albicans  induce  cambios  en  el 
citoesqueleto del macrófago. 
Otro  de  los  efectos más  directos  al  reconocer  y 
fagocitar  Candida  es  una  reorganización  del 
citoesqueleto,  de  ahí  que  en  análisis  de 
subproteomas  fuese  en  la  fracción  de 





“manchas  proteicas”.  Para    solucionar  este 
problema  se  puso  a  punto  un  protocolo  de 
enriquecimiento  en  proteínas  de  citoesqueleto 
más selectivo, el cual se analizó para comprobar el 
porcentaje de enriquecimiento en estas proteínas. 
Se  ha  visto  que  la  combinación  de  las  dos 
fracciones  obtenidas  con  los  dos  tampones  de 
extracción (que difieren en la cantidad de sales que 
poseen,  para  obtener  distintos  componentes  del 
citoesqueleto) es un buen método de análisis para 
el  estudio  de  los  cambios  que  ocurren  en  el 
macrófago tras reconocer y fagocitar a la levadura. 
Además,  en  los  experimentos  de  SILAC  se 
identificaron  5  proteínas  y  19  fosfoproteínas  que 
están  relacionadas  con  estas  modificaciones  del 
citoesqueleto  del  macrófago.  Por  ejemplo 
Vimentina,  de  la  que  ya  hemos  hablado 
previamente,  Cd2ap  (CD2‐associated  protein) 
(Dustin, et al., 1998), Flmn2 (Filamin 2) (Goode, et 
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al.,  2007),  Lmna  (Prelamin‐A/C)  (Broers,  et  al., 
2006), Stmn1 (Stathmin) (Lovric, et al., 1998), Twf2 
(Twinfilin  2)  (Palmgren,  et  al.,  2002),  tubulinas  y 
miosinas.  Todas  ellas  varían  tras  la  interacción  y 
están  afectando  a  la  función  del  macrófago 
regulando  la  fagocitosis,  la  motilidad  celular,  la 
secreción de vesículas y demás funciones. 
1.3.  C. albicans  no  induce  apoptosis  en  el 
macrófago tras la interacción. 
Hay  una  gran  cantidad  de  proteínas  identificadas 
en  ambos  estudios  relacionadas  con  la  apoptosis, 
tanto pro‐ como anti‐apoptóticas (Figura 13).  








los microorganismos  promoviendo  la  destrucción 
de  las  células  dañadas  por  fagocitos  reclutados  y 
residentes  (Williams,  1994).  La  represión  de  la 
apoptosis por diferentes microorganismos permite 
al  patógeno  replicarse  y/o  persistir  dentro  célula 
hospedadora,  pasando  desapercibido  al  sistema 
inmunitario  (Akarid,  et  al.,  2004).  Son  varios  los 
patógenos que emplean esta estrategia, Legionella 
pneumophila, Chlamydiae spp., Rickettsia rickettsii, 
Neisseria  gonorrhoeae  y  Mycobacterium 
tuberculosis  (Fischer,  et  al.,  2001,  Toossi,  et  al., 
2012). 
Respecto a  la activación/represión de  la apoptosis 
en  macrófagos  por  C. albicans,  son  varios  los 
estudios  que  tratan  este  tema.    Ibata‐Ombetta  y 
cols. (Ibata‐Ombetta, et al., 2003) y Rotstein y cols. 
(Rotstein,  et  al.,  2000)  detectan  apoptosis  en 
macrófagos  murinos  J774  y  neutrófilos, 
respectivamente,  tras  la  interacción  con 
C. albicans.  Mientras  que,  Heidenreich  y  cols. 
(Heidenreich, et al., 1996) muestran una inhibición 
de  la  apoptosis  en  macrófagos  humanos  tras 
interaccionar con la levadura. 
En nuestros estudios encontramos ambas señales, 
por  esta  razón  se  ha  realizado  ensayos  para 
dilucidar  el  estado  apoptótico  del  macrófago  y 
cuáles  son  las  señales que  van  a prevalecer en el 
tiempo,  si  van  a  prevalecer  las  anti‐apoptóticas 
frente a  las pro‐apoptóticas o viceversa. Para ello 
se ha realizado un estudio in silico de las proteínas 
relacionadas  con  la  apoptosis  y  medición  de 
diferentes marcadores del proceso. 
Como señales pro‐apoptóticas, podemos destacar 
la  disminución  de  proteínas  relacionadas  con  la 
protección  frente  al  estrés oxidativo dentro de  la 
célula,  aquellas  con  actividad  oxidorreductasa 
(Prdx1 y Pdia1),  las  relacionadas  con  la  respuesta 
de RE (Napa y Hspa5), también el aumento de Rtn4 
(Reticulon‐4  o  Nogo‐A),  Hint2  (Histidine  triad 
nucleotide‐binding protein 2) y Praf2  (PRA1  family 
protein  2),  la  fosforilación  de  Dok1  (Docking 
protein  1)  y  Rtn4  y  la  disminución  de  la 
fosforilación  en  Csda  (Cold‐shock  domain  protein 
A).  Este  hecho  hace  que  la  célula  sea  más 
susceptible  al  daño  por  estos  radicales,  que  las 
proteínas  sufran  daño  y  fragmentación  del  DNA, 
todo esto contribuyendo a la apoptosis de diversas 
maneras.  Diversos  estudios  relacionan  estas 
proteínas  con  rutas  apoptóticas,  por  ejemplo,  la 
disminución  en  Prdx1  y  Pdia1  está  directamente 
relacionada con  la susceptibilidad de  la célula a  la 
muerte  celular  inducida  por  ROS  (Shan,  et  al., 
2005).  Hspa5,  también  conocida  como  Grp78,  es 
miembro  de  la  ruta  de  respuesta  a  proteínas 
desplegadas  (UPR)  y  es  un  marcador  de  células 
apoptóticas  (Misra,  et  al.,  2005,  Miyake,  et  al., 
2000).  Rtn4  es  una  proteína  que  delecionada  en 
cardiomiocitos  atenúa  de  forma  marcada  la 





recognition  protein  1)  durante  la  apoptosis  es  un 
mecanismo  debido,  de  forma  conjunta,  a  la 
activación  de  las  caspasas  y  a  la  proteólisis 
dependiente  de  ubiquitina  (Landais,  et  al.,  2006). 
También contribuyen a la inducción de la apoptosis 
la  disminución  de  Isyna1  (Inositol‐3‐phosphate 
synthase  1),  requerida  para  suprimir  la  apoptosis 
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en Arabidopsis  thaliana  (Donahue, et al., 2010); y 
la  disminución  de  Napa,  siendo  las  células 
delecionadas  en  esta proteína  sensibilizadas  a  los 
agentes  inductores  de  la  apoptosis  (Wu,  et  al., 
2010b). Con respecto a las proteínas fosforiladas, la 
fosforilación de Dok1 puede afectar a proceso de 
señalización  celular  y  juega  un  papel  muy 
importante  en  la  apoptosis  inducida  por  activina 
(Yamakawa,  et  al.,  2002),  mientras  que  Csda  es 
diana de  la fosforilación  inducida por Bcr‐Abl y  los 
mutantes  fosfo‐deficientes  en  Csda  sufren  un 
aumento en apoptosis (Sears, et al., 2010). 
Por  el  contrario,  como  señales  anti‐apoptóticas, 
podemos hacer énfasis en  la variación de diversas 
proteínas que comentamos a continuación. 
Diversos  estudios  señalan  la  variación  en  la 
síntesis/sobreexpresión  de  diversas  proteínas  con 
la  resistencia a  la apoptosis,  como el aumento de 
Pitpna  (Phosphatidylinositol  transfer protein), que 
aumenta  significativamente  la  resistencia  a  la 
apoptosis  en  fibroblastos murinos  (Schenning,  et 
al.,  2004),  de  Hnrph1  (Heterogeneous  nuclear 
ribonucleoprotein  H1),  el  cual  es  necesario  para 
bloquear  la  ruta  de  apoptosis  MST‐2  en  células 
cancerígenas  (Veraldi,  et  al.,  2001).  También  son 
importantes  los aumentos de Glut1, SelS, Pex11b, 
Tyrobp  (Dap12), Mcl1  (Myeloid  cell  leukemia  1), 
Vimentin, Acaa2 (3‐Ketoacyl‐CoA thiolase) (Cao, et 
al.,  2008),  Son,  Eef2p  (Eukaryotic  translation 
elongation factor 2), Galectina‐3 (Hsu, et al., 2000) 
y  Vimentina,  y  la  fosforilación  de  Npm1 
(Nucleophosmin),  Inpp5d  (Phosphatidylinositol‐
3,4,5‐trisphosphate 5‐phosphatase 1), c‐Jun y Spp1 
(Osteopontin),  así  como  las  disminuciones  en  la 
fosforilación de Vasp  (Vasopresin) y eEf2 en RAW 
264.7  tras  la  interacción  con  C. albicans.  Se  ha 
descrito  que  la  sobreexpresión  de  SelS  protege  a 
los macrófagos RAW 264.7 frente a la citotoxicidad 
inducida por estrés de RE y  frente a  la apoptosis, 
promoviendo  la  supervivencia  celular  (Kim,  et  al., 
2007). La deficiencia en Pex11b induce la apoptosis 
neuronal  (Li,  et  al.,  2002),  apareciendo  esta 
proteína disminuida en nuestro modelo. 
Incuestionablemente,  la  proteína más  importante 
en  la  señalización  frente  a  la no activación de  las 
rutas  apoptóticas  es  Mcl1,  esta  proteína  es  un 
miembro  de  la  familia  de  Bcl2  que  promueve  la 
viabilidad  celular  durante  transiciones  fenotípicas 
como son la proliferación o la diferenciación (Craig, 
2002) y su disminución promueve  la apoptosis. En 
nuestro  modelo  vemos  que  hay  un  aumento  de 
esta proteína en los macrófagos tras la interacción. 
Lo  mismo  ocurre  en  la  infección  con 
M. tuberculosis, proceso en el que el aumento en 
Mcl1  promueve  la  supervivencia  de  los 
macrófagos  infectados y  reprime  la apoptosis en 
los mismos,  siendo un mecanismo de defensa de 
Mycobacterium  para  permanecer  invisible  y 
sobrevivir  dentro  de  la  célula  (Sly,  et  al.,  2003). 
Encontramos  algunas  proteínas  relacionadas 
directamente  con  la  expression  de  Mcl1,  por 
ejemplo la unión de TREM2 con DAP12 estimula el 
aumento  de  Mcl1  en  osteoclastos  (Peng,  et  al., 
2010), el aumento de Eef2p y la activación de Eef2 
(por  defosforilación  en  la  Th57)  (Bewley,  et  al., 
2011) ayudan a mantener los niveles de la proteína 
y hacen que aumente la síntesis de la misma. 
Respecto  a  los  cambios  en  la  fosforilación 
detectados  en  el  SILAC  y  relacionados  con  el 
posible mecanismo  de  los mismos  en  las  señales 
anti‐apoptóticas, el aumento en  la fosforilación de 
Npm, una fosfoproteína nucleolar que se une a las 




(Colombo,  et  al.,  2005),  mientras  que  la 
disminución  en  la  fosforilación  de  Vasp  también 
contribuye a este efecto, ya que su fosforilación se 
ha  descrito  como  inductora  de  la  apoptosis 
(Deguchi, et al., 2002). Además, se ha descrito un 
efecto anti‐apoptótico de  la  fosforilación de  c‐Jun 
en  la  Ser73.  Utilizando  mutantes  que  expresan 
Ser63Ala,  Ser73Ala  y no pueden  ser  fosforilados en 
estos residuos, se ha observado una ausencia de la 
protección  de  estas  células  frente  a  la  apoptosis 
(Wisdom,  et al., 1999).  Spp1 es una  glicoproteína 
fosforilada  relacionada  con  muchos  procesos 
fisiológicos  y  patológicos,  incluidos  los  procesos 
apoptóticos. La unión con su  ligando conlleva a  la 
activación  de  diferentes  kinasas  incluyendo  FAK 
(focal  adhesion  kinase),  ERK  1/2  (extracellular 
signal‐regulated  kinase)  y  PIK3/AKT 
(phosphatidylinositol  3‐kinase).  Akt  y  Erk  1/2 
fosforilan  caspasa  9  en  Ser196  y  Thr125, 
respectivamente,  e  inhiben  la  activación  de 





máximo  del  15%  de  células  con  el  DNA 
condensado  a  las  12h  de  interacción  con  la 




también  fueron  negativos.  Todos  estos  datos 
validan  nuestra  hipótesis  por  lo  que  podríamos 
concluir  que  C. albicans  no  está  induciendo 
apoptosis en los macrófagos o la está reprimiendo. 
Respecto  a  los  experimentos  previos  que 
comentamos  en  el  inicio  del  apartado  que 
mostraban  la  inducción  de  la  apoptosis  (Ibata‐
Ombetta,  et  al.,  2003,  Rotstein,  et  al.,  2000)  y 
represión  de  la misma  (Heidenreich,  et  al.,  1996) 
en  fagocitos  en  respuesta  a  C. albicans,  podemos 
discutir  brevemente  las  causas  de  los  resultados 
obtenidos por los otros grupos y relacionarlo con lo 
que ocurre en nuestro modelo. El grupo de  Ibata‐
Ombetta  y  cols.  (2003)  describió  apoptosis  en 
macrófagos  tras  la  interacción  con  la  levadura 
utilizando  un  ratio  macrófago/Candida  de  1:20, 




aumentan  el  ratio  neutrófilo/Candida.  Por  el 
contrario,  el  grupo  de Heidenreich  y  cols.,  (1996) 
utilizando  monocitos  humanos,  muestra  una 
inhibición  de  la  apoptosis  en  los  monocitos 
utilizando  ratios  macrófago/Candida  entre  1:1  y 
50:1. Estos datos estarían apoyando los nuestros y 
el ratio 1:1 es el mismo que utilizamos en nuestro 
modelo,  por  lo  que  es  comparable  con  nuestros 
resultados.  Contrastando  todos  estos  resultados, 
podemos concluir que el ratio macrófago/levadura 
es  un  elemento  crucial  para  la  inducción  de  la 
apoptosis  en  macrófagos  debido  a  C. albicans, 
siendo  favorable  a  las  señales  anti‐apoptóticas 
cuando  las  células  fagocíticas  se  encuentran  en 
ventaja,  ratio 1:1 o menor,  lo que podría estar en 
concordancia  con  lo  que  ocurre  en  condiciones 
fisiológicas. Mientras que  si  invertimos  la  relación 
macrófago/Candida,  la  célula  fagocítica  se 
encuentra en desventaja y entraría en un proceso 
de muerte celular programada o apoptosis.  
Una  de  las  futuras  direcciones  de  este  trabajo 
podría  ser  determinar  si  esta  respuesta  de 
inhibición de la apoptosis viene determinada por la 
levadura  o  por  el  huésped.  Por  un  lado,  la 
inhibición de la apoptosis podría ser un mecanismo 
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Los  macrófagos  son  mediadores  de  la  respuesta 
inflamatoria  y,  dependiendo  de  las  señales 
ambientales, pueden  diferenciarse principalmente 
en  macrófagos  proinflamatorios  (M1),  también 
conocidos  como  activados  clásicamente  o  en 
macrófagos  antiinflamatorios  (M2)  o  conocidos 
como activados alternativamente. A pesar de ello, 
se  continúa  investigando  en  las  activaciones  y 
funciones de los mismos y se siguen clasificando en 
nuevos subtipos. Por esta razón es de gran  interés 
el  estudio  de  la  respuesta  de  las  diferentes 
subpoblaciones de macrófagos a C. albicans. 
En  el  capítulo  III  se  describen  las  condiciones 
óptimas  puestas  a  punto  para  este  estudio 
mediante la medida de citoquinas (IL‐10, IL‐12p40, 
IL‐6  y  TNF‐α),  de  la  actividad  fagocítica  y  de  la 
capacidad  candidacida  de  ambos  tipos  de 
macrófagos  a  distintos  tiempos  de  co‐incubación 
(3, 6, 12 y 18 horas) con C. albicans y a diferentes 
ratios  macrófago/levadura  (1:0.1;  1:1  y  1:5).  El 
análisis  de  los  datos  obtenidos  nos  llevó  a  la 








Para  esta  aproximación  se  realizó  un  estudio  de 
expresión  diferencial  con  geles  bidimensionales 
(2D‐DIGE)  utilizando  macrófagos  diferenciados  a 
M1 y M2 de 4 donantes sanos tras 8h de co‐cultivo 
con  C. albicans.  En  este  estudio  se  compararon 
tanto  las  diferencias  proteómicas  entre  ambos 




En  los  últimos  años  se  está  estudiando  las 
diferencias  fenotípicas  y  genéticas  entre  los 
macrófagos  M1  y  M2  y  las  diferencias  en  la 
respuesta  a  diferentes  microorganismos  como 
Trypanosoma  brucei    (Bosschaerts,  et  al.,  2009), 




Debido  a  la  gran  importancia  de  la  polarización 
M1/M2  en  la  inflamación,  tumorogénesis  y 
cicatrización  (Allavena, et al., 2008, Olefsky, et al., 
2010),  en  este  trabajo  se  han  estudiado  por 
primera  vez  las  diferencias  proteómicas  de  los 
macrófagos  M1  y  M2,  contribuyendo  a  la 
comprensión de  las diferencias en  los mecanismos 
moleculares de la polarización de los macrófagos. 
La  comparación  de  los  macrófagos  humanos 
polarizados M1  y M2 mediante  la  tecnología  2D‐
DIGE  nos    permitido  la  determinación  de  144 
“manchas  proteicas”  de  expresión  diferencial,  71 





relevantes  moduladas  por  la  polarización  de 
macrófagos  son  las  rutas  metabólicas,  la 
respuesta  inmunitaria  y  el  estrés,  además  de  la 
reorganización del citoesqueleto. 
El estudio proteómico señala que las diferencias en 
el  metabolismo  entre  M1  y  M2  son  muy 
importantes,  las  proteínas  identificadas  G6PD 
(Glucose  6‐phosphate  dehydrogenase),  Eno1 
(Alpha  enolasa),  Fbp1  (Fructose  1,6‐
bisphosphatase),  AldoA  (Fructose  bisphosphate 
aldolase  A),  Galm  (Aldose  1‐epimerase),  Pgam1 
(Phosphaglycerate  mutase  1)  y  Tpi1 
(Triosephosphate  isomerase)]  están  relacionadas 
con  la  glucolisis/gluconeogénesis,  al  ciclo  de  los 
ácidos tricarboxílicos y con la  ruta de las pentosas 
fosfato  entre otras  (Figura 14).  Este hallazgo  está 
apoyado por ciertos estudios anteriores en los que 
se  detallan  las  diferencias  metabólicas  entre 
diferentes  subtipos  de  macrófagos  y  entre  su 
respuesta  a  la  hipoxia  (Odegaard,  et  al.,  2011). 
Estos  autores  indican  que  en  los macrófagos M1 
prevalece  la  ruta  glicolítica  anaeróbica, mientras 
que  en  los  M2  hay  un  predominio  del 
metabolismo  oxidativo  de  la  glucosa  y  de  la 
oxidación de los ácidos grasos.  
Teniendo  en  cuenta  estos  resultados,  una 
diferencia  central  tras  la  diferenciación  de  los 
macrófagos en proinflamatorios y antiinflamatorios 





estas  proteínas  podría  ser  Fbp1,  que  ha  sido 
identificada  en  7 manchas  proteicas  en  los  geles 
bidimensionales  y  es  más  de  8  veces  más 
abundante  en  los  M1.  Esta  proteína  cataliza  la 
hidrólisis de  la  fructosa‐1,6‐bifosfato y es un paso 
clave  y  crítico  entre  la  glicólisis  y  la 
gluconeogénesis, siendo otra enzima la que cataliza 
la  reacción  inversa  (Pfk‐2).  Fbp1    podría  ser  un 
marcador  que  correlacionaría  la  polarización  del 
macrófago con su estado metabólico. 
Además, G6PD es la mayor fuente de NADPH en la 
célula  y  es  la  enzima  limitante  de  la  ruta  de  las 
pentosas  fosfato. La modulación de esta proteína, 
diferencialmente expresada en los macrófagos M1, 
tiene  un  gran  efecto  en  la  polarización  de  los 
macrófagos.  La  ruta  de  las  pentosas  fosfato  está 
muy activa en los M1 y poco en los M2 (Haschemi, 
et al., 2012). Los niveles de G6PD en los M1 podría 
estar  incrementando  los  niveles  de  NADPH  en  la 
célula, el cual es necesario tanto para la producción 
de  ROS  y  RNS,  como  para  la  eliminación  de  este 
ROS  vía  glutatión  peroxidasa  y  catalasa  en 
diferentes tipos celulares (Spolarics, 1998, 1999). 
También  se  ha  visto  que  SOD2  (Superoxide 
dismutase)  es más  abundante  en  los macrófagos 
M2, reforzando  la teoría de que estos macrófagos 
producen  menos  ROS  y,  como  consecuencia, 
poseen una menor actividad microbicida  (Gordon, 
2003,  Martinez,  et  al.,  2009).  Sin  embargo,  en 
nuestro  modelo,  los  macrófagos  M2  fueron 
capaces de matar C. albicans de manera  similar  a 
los  M1,  o  incluso  mejor,  sugiriendo  que  este 
mecanismo oxidativo podría ser  independiente de 
la actividad candidacida de  los mismos. Podría ser 
que  la  habilidad  de  la  levadura  de  inhibir  la 
producción  de  ROS  (Cheng,  et  al.,  2011)  en  el 
huésped  fuera  más  eficiente  en  los  macrófagos 
M1,  disminuyendo  así  su  actividad  antifúngica  y 
confiriéndoles un fenotipo similar al de M2. 
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En  resumen,  el  estudio  proteómico  de  los 
macrófagos  polarizados  a  M1  y  M2  nos  ha 
proporcionado  información  sobre  las  enormes 
diferencias  que  existen  a  nivel  de  metabolismo 
entre los macrófagos M1 y M2, específicamente en 
enzimas  claves  de  la  ruta  de  la 
glicolisis/gluconeogénesis,  siendo  la  Fbp1  más 




Además de  la  comparación  entre  el proteoma de 
los  macrófagos  M1  y  M2,  en  este  estudio  nos 
centramos  en  las  diferencias  proteómicas  tras  la 
interacción  de  estos  macrófagos  con  C. albicans. 
Los  análisis estadísticos mostraron  cambios en 14 
“manchas  proteicas”  en  los  macrófagos  M1 
tratados con  la  levadura y 40 “manchas proteicas” 
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análisis  por  espectrometría  de  masas  permitió 
identificar 11 y 31 proteínas, respectivamente. 
Los  macrófagos  M1  mostraron  una  gran 
variabilidad entre  los 4 donantes, de ahí que  sólo 
fuera  significativo  el  cambio  en  14  “manchas 
proteicas”  y  obtuvieramos  muy  pocos  datos 
significativos de  los cambios que están ocurriendo 
en  ellos  cuando  entran  en  contacto  con  la 
levadura. 
La  clasificación  funcional  de  las  proteínas  de 
expresión diferencial en  los macrófagos tras  la co‐
incubación  con  C. albicans muestran que hay una 
alteración  en  el  estrés  oxidativo,  respuesta 
inmunitaria,  y  en  el  reconocimiento  y 
reorganización  del  citoesqueleto.  Estos  datos 
proteómicos  muestran  que  los  macrófagos  M1 
responden  como  macrófagos  M2  cuando  están 
interaccionando  con  C. albicans,  en  nuestro 
modelo.  Apoyando  esta  deducción,  las  citoquinas 
características proinflamatorias IL12p40, TNF‐α y la 
IL‐6  no  son  inducidas  significativamente  en  los 
macrófagos  M1  tras  8  h  de  incubación  con  la 
levadura.  Asimismo,  la  expresión  de  PAI‐2 
(Plasminogen  activator  inhibitor  2)  y  SOD2,  dos 
proteínas más  abundantes  en  los macrófagos M2 
control,  muestran  la  misma  tendencia,  siendo 
producidas en un  ratio  similar en  ambos  tipos de 
macrófagos  en  su  respuesta  frente  a  C. albicans. 
SERPINB2 es el gen que codifica  la proteína PAI‐2. 
Es un marcador relacionado con  la polarización de 
los macrófagos  a M2  en  humanos  (de  las  Casas‐
Engel, et al., 2013) y su expresión es inducida tanto 
en  los M1  como  en  los M2  tras  la  infección  con 
C. albicans (Figura 4, Capítulo III).  
Muchas  de  las  proteínas  de  expresión  diferencial 
en  los  macrófagos  M1  tras  su  interacción  con 
C. albicans  también  cambian  en  los  M2  con  la 
interacción  (Tablas  2  y  3,  Capítulo  III).  De  estas 
proteínas  podemos  destacar  el  aumento  de 
Vimentina, que ya describimos su aumento en  los 
macrófagos murinos RAW 264.7 tras su interacción 
con    la  levadura  (Reales‐Calderon,  et  al.,  2012, 
Reales‐Calderon, et al., 2013). Como ya se comentó 
anteriormente, esta proteína de citoesqueleto está 
relacionada  con  la  generación  de  metabolitos 
oxidativos  y  la  producción  de  citoquinas 
proinflamatorias (Mor‐Vaknin, et al., 2003). 
Centrándonos  en  la  respuesta  de  los macrófagos 
M2  a  la  infección  por  C. albicans,  que  parece  ser 
más  acusada  que  en  los  M1,  hay  un  aumento 
significativo  de  la  secreción  de  IL‐10  tras  la 
exposición  a  la  levadura,  aumentando  las 
propiedades  antiinflamatorias  de  los  macrófagos 
alternativos (M2). Lo mismo ocurre con la mayoría 
de  los  efectos  que  vemos  en  proteínas.  Por 
ejemplo,  las  diferencias  de  expresión  que  existen 
en enzimas metabólicas entre los macrófagos M1 y 
M2 se  intensifican tras  la  interacción, dirigiendo  la 





con  Candida  conlleva  una  remodelación  del 
citoesqueleto del huésped que puede afectar a su 
función  regulando  la  fagocitosis,  citoquinesis, 
mortalidad celular, mitosis,  transporte  intracelular 
y  endo‐  y  exocitosis.  En  este  estudio  se  han 
identificado  11  proteínas  directamente 
relacionadas  con  la  reorganización  del 
citoesqueleto. Por ejemplo, la cofilina aumenta  en 
los  macrófagos  M2  tras  la  interacción  con 




tiene  un  efecto  en  la  polimerización  de  actina 
(Wear,  et al., 2000).  Sus  variaciones de expresión 
están  sugiriendo  una  fragmentación  o 
despolarización  de  la  actina  en  los  macrófagos 
infectados  con  la  levadura  con  su  consecuente 
efecto en  la migración y adhesión de  los mismos y 
en  la  fagocitosis.  Sin  embargo,  los  resultados 
obtenidos en el DIGE y en la validación por western 
blotting  e  inmunofluorescencia  del  citoesqueleto 
de  actina muestran  una  disminución  de  la  actina 
citoplasmática  debido,  seguramente,  a  la  intensa 
polimerización  de  la  actina  en  la  copa  fagocítica 
alrededor  de  C. albicans  (Figura  6,  capítulo  III),  lo 
que  podría  estar  provocando  que  se  haga  más 
insoluble  en  nuestro  tampón  de  extracción  de 
proteínas utilizado. De ahí esta contradicción entre  
 nuestros datos proteómicos y  los obtenidos en  la 
inmunofluorescencia. A  pesar  de  esto,  podríamos 
concluir que la infección de los macrófagos M2 con 
C. albicans  tiene  un  impacto  en  la  reorganización 
del  citoesqueleto  de  actina,  miosina  y  en  los 
filamentos intermedios.  
Como  resumen,  el  estudio de  la  respuesta de  los 
macrófagos humanos M1  y M2 a  la  infección  con 
C. albicans  sugiere  que  la  interacción  con  la 
levadura  induce un  cambio en  la polarización de 
los  M1  hacia  M2,  aumentando  la  respuesta 
antiinflamatoria de los macrófagos M2. Este efecto 









1. Los  estudios  proteómicos  en  gel  (electroforesis  bidimensional  con  marcaje  con 
fluorocromos, DIGE) y  sin gel  (marcaje metabólico, SILAC), aplicados a  fracciones  sub‐
celulares y extractos totales, respectivamente, han permitido obtener una visión global 
de la respuesta de los macrófagos murinos a C. albicans.  
2. Las  funciones principales de  las proteínas y  fosfoproteínas de expresión diferencial de 
macrófagos murinos  en  respuesta  a  C. albicans  son:  respuesta  proinflamatória,  estrés 
oxidativo, reorganización de citoesqueleto, apoptosis y metabolismo. 





de 922 sitios de  fosforilación, de  los cuales 327 son nuevos en  las proteínas de  ratón, 
útiles para futuros estudios. 
5. Se  ha  puesto  a  punto  un  modelo  de  interacción  C. albicans‐macrófagos  humanos 
proinflamatorios  (M1)  y  antiinflamatorios  (M2),  comprobándose  que  ambos  tipos  de 
macrófagos son igualmente eficientes fagocitando y destruyendo a C. albicans en todas 
las condiciones estudiadas. 
6. El  análisis  proteómico  diferencial  de  macrófagos  M1  y  M2  ha  demostrado  que  las 
principales  diferencias  entre  ambos  se  deben  a  proteínas  metabólicas  y  de 













3. Functional  studies  of  differentially  expressed  pro‐  and  anti‐apoptotic  proteins  and 
phosphoproteins and the study of different apoptotic markers revealed that C. albicans 
has an inhibitory effect in apoptosis in murine macrophages. 
4. The SILAC  study allowed  the  identification of 922 phosphorylation  sites, of  those, 327 
were  new murine  protein  phosphorylation  sites.  This  phosphosites will  be  useful  for 
future proteomic studies. 
5. A model of interaction between C. albicans and human pro‐inflammatory (M1) and anti‐
inflammatory  (M2)  macrophages  has  been  set  up,  showing  that  both  types  of 
macrophages  are  equally  efficient  in  phagocytosis  and  destroying  C. albicans  in  the 
studied conditions. 
6. Differential  proteomic  analysis  of  human  M1  and  M2  macrophages  revealed  that 
proteins  related  to  metabolism  and  cytoskeleton  rearrangement  are  the  principal 
differences  between  both  types  of macrophages.  Fructose  1,6‐bisphosphatase  (Fbp1) 
could be a new marker of M1 polarized macrophages. 
7. Cytokine measurement  and  differentially  expressed  proteins  revealed  that  C. albicans 
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Proteomics of RAW 264.7 macrophages upon interaction
with heat-inactivated Candida albicans cells unravel an
anti-inflammatory response
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Murine macrophages (RAW 264.7) were allowed to interact with heat-inactivated cells of
Candida albicans SC5314 during 45min. The proteomic response of the macrophages was
then analyzed using 2-D gel electrophoresis. Many proteins having differential expression
with respect to control macrophages were identified, and their functions were related to
important processes, such as cytoskeletal organization, signal transduction, metabolism,
protein biosynthesis, stress response and protein fate. Several of these proteins have been
described as being involved in the process of inflammation, such as Erp29, Hspa9a, AnxaI,
Ran GTPase, P4hb, Clic1 and Psma1. The analysis of the consequences of their variation
unravels an overall anti-inflammatory response of macrophages during the interaction with
heat-inactivated cells. This result was corroborated by the measurement of TNF-a and of
ERK1/2 phosphorylation levels. This anti-inflammatory effect was contrary to the one
observed with live C. albicans cells, which induced higher TNF-a secretion and higher ERK1/2
phosphorylation levels with respect to control macrophages.
Keywords:
Candida / 2-D PAGE / Differential expression / Inflammation / Macrophages
1 Introduction
Candida albicans still remains an important causal agent of
infection in immunodepressed patients [1], and the ther-
apeutic arsenal is reduced and sometimes toxic [2, 3]. Thus,
the study of host response to infections can be a useful tool
to discover new therapeutic strategies. Among the players
taking part in the fight against pathogens, macrophages are
crucial elements of the innate and adaptive immunity to
systemic candidiasis [4, 5]. The recognition of C. albicans by
macrophages causes phagocytosis and the production of
inflammatory mediators, toxic compounds such as ROS and
reactive nitrogen species. Macrophages also capture and
process foreign antigens for presentation to T cells, enabling
host defence and immunological memory [6]. While
macrophages display a wide variety of mechanisms to
destroy the fungus, C. albicans attempts to survive the action
of phagocytes by inhibiting the production of toxic
compounds [7] or by preventing phagolysosome fusion
[8–10] or modulating the pH of this compartment [10].
Differences in the macrophages response to either live,
heat-inactivated (HI) cells or components from C. albicans
[7, 11, 12] and from other pathogens [13] have been descri-
bed. Comparison of the macrophage responses against live
and inactivated cells of C. albicans can give us information
about the effect of the pathogen on the host defences and,
thus, about virulence factors. Therefore, in the present
work, the response of RAW 264.7 cells to HI C. albicans
SC5314 cells after 45min of interaction has been studied,
showing variations in many proteins whose functions are
related to many important processes, such as: cytoskeletal
organization, signal transduction, metabolism, protein
Abbreviations: HI, heat-inactivated; PDI, protein disulfide
isomerase; PEM, PIPES, EGTA, MgCl2
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biosynthesis, stress response, cellular fate, etc. The differ-
ences in protein expression have been compared with
previous results obtained against live yeasts [14], unravelling
contrary effects on the inflammatory response; HI cells
induce an anti-inflammatory response while live cells
induce a pro-inflammatory one. The proteomic results have
been corroborated with TNF-a and ERK1/2 phosphorylation
measurements.
2 Materials and methods
2.1 C. albicans strains
The C. albicans strain used in this study was SC5314 from a
clinical isolate [15]. This strain was maintained on solid YED
medium (1% D-glucose, 1% Difco yeast extract and 2% agar)
and incubated at 301C for at least 2 days.
To prepare HI yeasts, the cells were collected and
resuspended in PBS and heated at 651C for 2 h. Cells were
then washed twice with PBS and resuspended in the same
buffer. Inactivation was checked by the absence of growth
when 200 mL of the yeast suspension was spread over YED
agar plates and incubated at 371C for 48 h.
For the measurement of TNF-a levels, C. albicans cells
were inactivated in PBS at 1001C for 10min or by treatment
with 3.7% formaldehyde for 30min on ice. Cells were then
washed twice with PBS and resuspended in the same buffer.
Inactivation was checked by the absence of growth when
200 mL of the yeast suspension were spread over YED agar
plates and incubated at 371C for 48 h.
2.2 Cell-line macrophages
2.2.1 Culture medium and reagents
RPMI 1640 medium, FBS, L-glutamine and antibiotics
(penicillin–streptomycin) were obtained from GIBCO BRL
(Grand Island, NY). Cell-line macrophages were resus-
pended in RPMI supplemented with glutamine (2mM),
antibiotics (penicillin 100U/mL–streptomycin 100 mg/mL)
and 10% HI FBS (complete medium). Murine TNF-a ELISA
kit (Diaclone) for the determination of TNF-a was provided
by Bioscience (San Diego, CA).
2.2.2 Macrophage cell line
The RAW 264.7 gamma NO() cell line was obtained
from the American Type Culture Collection (Rockville, MD).
Cells were grown in complete medium in a 5% CO2
incubator at 371C and maintained at low densities
(75% confluence) and passaged until they reached the
confluent state, usually every 3–4 days on sterile culture
plates.
2.2.3 Preparation of cytosolic extracts
Cytosolic extracts were prepared as previously described [14].
Three different cytoplasmic extracts were used: murine
macrophages (cell line RAW 264.7), macrophages after
45min of interaction with live C. albicans SC5314 (1:1) [14]
and macrophages after 45min of interaction with HI
C. albicans SC5314 (1:100). After this time, macrophages
(20 106) were washed with ice-cold PBS to remove yeasts,
scraped off the dishes and collected by centrifugation. The
cell pellets were homogenized in 1mL of buffer A (10mM
HEPES, pH 7.9, 1mM EDTA, 1mM EGTA, 100mM KCl,
1mM DTT, 0.5mM PMSF, 2 mg/mL aprotinin, 10 mg/mL
leupeptin, 2mg/mL TLCK, 5mM NaF, 1mM NaVO4 and
10mM Na2MoO4). After 15min at 41C, Nonidet P-40 was
added (0.5% v/v), and the tubes were vortexed (15 s) and
centrifuged at 8000 g for 20min. The supernatants were
stored at 801C. The protein concentration was determined
using the 2D-Quant KitTM (GE Healthcare).
2.3 C. albicans – macrophages interaction assays
2.3.1 Phagocytosis quantification
For the quantification of internalized yeasts, 5 105 RAW
264.7 macrophages were plated onto 18-mm coverslips
placed in 24-well multiwell plates for 24 h at 371C in a 5%
atmosphere. HI and live C. albicans were stained with
Oregon green at 301C and shaken for 1 h, washed with PBS-
100mM glycine and resuspended in PBS at a cell density of
5 108 cells/mL (HI) or 5 106 cells/mL (live). Macro-
phages were then allowed to interact with 5 105 live yeasts
or 5 107 HI yeasts for 45min at 371C in a 5% CO2
atmosphere. After the interaction, the wells were washed
once with PBS at 41C. The cells were fixed with 4% para-
formaldehyde in PBS for 1 h and yeasts were stained with
2.5 mM calcofluor white for 15min. Then, cells were washed
twice with PBS 100mM glycine and 40mM glycine and the
coverslips were mounted in glass slides using mounting
medium. Digital images were captured using an Axioplan
Imaging Microscope (Carl Zeiss AG, Germany) [16].
2.3.2 Immunofluorescence assay
2 105 RAW 264.7 macrophages were plated onto 18-mm
coverslips placed in 24-well multiwell plates for 24 h at 371C
in a 5% atmosphere, washed twice with culture medium
without serum, and then treated with 2 105 live yeasts or
2 107 HI yeasts for 45min. The coverslips were washed
with PEM (100mM PIPES, 1mM EGTA and 1mM MgCl2,
pH 6.8) containing 4% PEG 8000 (Sigma), permeabilized
for 90 s with PEM containing 0.5% Triton X-100, washed
again with PEM–polyethylene glycol, and the coverslip-
attached cytoskeletons were fixed with 3.7% formaldehyde
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in PEM–PEG–l% DMSO for 30min at 41C. The coverslips
were placed into a humidified container at 371C, overlaid
with 2mg/mL affinity-purified anti-tubulin antibody in PBS
containing 10mg/mL BSA and incubated for 1 h. After two
washes with PBS and gentle agitation (10min), the cover-
slips were overlaid with fluoresceinated anti-rat antibody
together with phalloidine–rhodamine (Molecular Probes,
diluted 1:20), incubated for 45min, washed with PBS in the
dark and mounted in an anti-fading solution with 40,6-
diamidino-2-phenylindole. Digital images were captured
using an Axioplan Imaging Microscope (Carl Zeiss AG) [17].
2.3.3 TNF-a measurement
RAW 264.7 cells (1 106 cells/mL per well) were exposed to
1 106 viable cells or to 1 108 HI, formalin inactivated or
heated at 1001C cells of C. albicans SC5314. Supernatants
were collected at 45min and 3 h to determine TNF-a levels.
The amount of TNF-a was determined with the mouse
TNF-a ELISA kit, according to the manufacturer’s instruc-
tions. Diaclone ELISA kits used for the determination of
TNF-a were provided by Bioscience.
Data were expressed as mean7SD. The unpaired
Student’s t-test was used to compare differences between
groups and po0.05 was considered significant.
2.3.4 ERK1/2 phosphorylation detection
RAW 264.7 cells (1 106 cells/mL per well) were exposed to
1 106 viable cells or to 1 108 HI cells of C. albicans
SC5314. Murine macrophages were washed with ice-cold
PBS to remove yeasts. Then, macrophages were scraped off
the dishes and collected by centrifugation (1000 rpm,
10min). Cell pellets were homogenized in buffer A (7M
urea, 2M thiourea, 2% CHAPS, 5mM Na2H2P2O7, 50mM
NaF, 10mM C3H7Na2OP, 1mM Na3VO4 and protease
inhibitor cocktail (Complete Mini, EDTA-free; Roche)). After
15min at 41C, they were centrifuged at 8000g for 20min.
The supernatants were stored at 801C. Protein was deter-
mined using the RC and DC assay (Reducing agent
Compatible and Detergent Compatible Protein assay; Bio-
Rad). 50mg of protein per well were separated onto 10% SDS-
polyacrylamide minigels and transferred to Hybond-ECL
Nitrocellulose membranes (Amersham Biosciences). The
Western blot was performed with Odyssey system (LI-COR
Biosciences, NE), which allows the measurement of the
relative levels of fluorescence of the different bands and
simultaneous labelling with two different antibodies. After
1 h of incubation with primary antibodies: 1/2000 p44/42
MAP Kinase (3A7) mouse mAb (Cell Signalling Technol-
ogy) and 1/2000 phospho-p44/42 MAP Kinase (Thr 202/Tyr
204) Ab (Cell Signalling Technology), the membranes were
washed four times in PBS10.1% Tween-20. Then, the
membranes were incubated with fluorescently labelled
secondary antibodies: 1/4000 IRDye 800CW conjugated goat
(polyclonal) anti-rabbit IgG, highly cross absorbed (LI-COR
Biosciences) and 1/4000 IRDye 680 conjugated goat (poly-
clonal) anti-mouse IgG, highly cross absorbed
(LI-COR Biosciences) for 30–60min at room temperature
and protected from light. The membranes were washed
again and scanned for fluorescence detection with Odyssey
system (LI-COR Biosciences). In our case, phospho-ERK1/2
and ERK1/2 were detected and measured in the same
membrane.
Data were expressed as mean7SD. The unpaired
Student’s t-test was used to compare differences between
groups and po0.05 was considered significant.
2.4 Analytical and micropreparative 2-D PAGE
2-DE was performed as previously reported, with some
modifications [18]. Cytoplasmic extracts (200 mg of protein)
were loaded for analytical gels and 1mg for micro-
preparative gels. A modification in the sample preparation
[19] was made to improve resolution of the 2-DE map of
acquired proteins. Thus, supernatants obtained after the
lysis were washed twice with ice-cold water and concentrated
by ultrafiltration using a pore size of 10 000Da (Amicons,
Ultra, Millipore) at 41C prior to separation by 2-D PAGE.
Following extraction, interfering components were removed
by using the 2D-Clean KitTM (GE Healthcare). The protein
were resuspended in 100mM Tris, 8M urea, 2M thiourea
and 4% CHAPS. The first dimension was carried out on the
Ettan-IPGphors Isoelectric focusing unit (GE Healthcare)
at 151C using the following programs: 500V for 1 h,
500–2000V for 1 h and 8000V for 6.5 h and 30V for 7 h, 60V
for 7 h, 500V for 1 h, 1000V for 1 h, 2000V for 1 h,
2000–5000V for 3 h and 8000V for 11 h, for analytical and
micro preparative gels, respectively. IPG strips providing a
non-linear pH 3–10 gradient (18 cm long, GE Healthcare)
were used [20]. After equilibration of strips, the second
dimension separation by molecular weight was carried out
on homogeneous 10% T polyacrylamide gels using piper-
azine diacrylamide as a cross-linker. Electrophoresis was
conducted at 17W/gel constant current for 6 h in an Ettan-
Dalt Six (GE Healthcare). Analytical gels were SYPRO Ruby
stained according to the manufacturer’s procedure and
preparative gels were silver-stained as described by
Shevchenko [21].
2.5 Image acquisition and data analysis
SYPRO Ruby-stained gels were digitalized using a Typhoon
9400 and analyzed with the ImageMaster 2D-Platinum
computer software (GE Healthcare).
Using ImageMaster 2D-Platinum tools, protein spots
were enumerated, quantified and characterized with respect
to their molecular mass and isoelectric point using bilinear
Proteomics 2009, 9, 2995–3010 2997
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interpolation between landmark features on each image
previously calibrated with respect to internal 2-DE standards
(GE Healthcare).
2.6 MS analysis of protein spots
The gel spots of interest were manually excised from micro
preparative gels using biopsy punches. The proteins selected
for the analysis were in-gel reduced, alkylated and digested
with trypsin, according to Sechi and Chait [22]. Briefly, spots
were washed twice with water, shrunk for 15min with 100%
ACN and dried in a Savant SpeedVac for 30min. Then, the
samples were reduced with 10mM dithioerytritol in 25mM
ammonium bicarbonate for 30min at 561C and subse-
quently alkylated with 55mM iodoacetamide in 25mM
ammonium bicarbonate for 20min in the dark. Finally,
samples were digested with 12.5 ng/mL sequencing grade
trypsin (Roche Molecular Biochemicals) in 25mM ammo-
nium bicarbonate (pH 8.5) for at least 6 h at 371C.
After digestion, the supernatant was collected and 1mL was
spotted onto a MALDI target plate (96 2 spot teflons-coated
plates) and allowed to air-dry for 10min at room temperature.
Then, 0.4mL of a 3mg/mL of CHCA matrix (Sigma) in 50%
ACN was added to the dried peptide digest spots and allowed to
air-dry again for another 10min at room temperature. MALDI-
TOF MS analyses were performed in a Voyager-DETM STR
instrument (PerSeptives Biosystems), a model fitted with a
337nm nitrogen laser and operated in reflector mode (it accu-
mulates 150 spectra of single laser shots under threshold irra-
diance) with an accelerating voltage of 20000V. All mass spectra
were calibrated externally using a standard peptide mixture:
angiotensin I (1296.7), adenocorticotropic hormone fragment
18–39 (2465.2) and 1–17 (2093.1) (Sigma). Peptides from the
auto digestion of trypsin were used for the internal calibration.
The analysis by MALDI-TOF MS produces peptide mass
fingerprints and the peptides observed can be collated and
represented as a list of monoisotopic molecular weights.
MS/MS sequencing analyses were carried out using the
MALDI-tandem time-of-flight mass spectrometer 4700
Proteomics Analyser (Applied Biosystems, Framingham, MA).
2.7 Database searches
Database searches for the identification of protein
spots were carried out submitting the monoisotopic
peptide masses assigned to the followed software available
on-line: MS-Fit (http://prospector.ucsf.edu), ProFound
(http://129.85.19.192/prowl-cgi/ProFound.exe) and Mascot
(http://www.matrixscience.com). Databases Swiss-Prot,
TrEMBL and Human PSD GPCR-PD were consulted.
The parameters used for the search were as follows:
modifications were considered (Cys as an S-carboamido-
methyl derivative and Met as oxidized methionine), allowing
for one missed cleavage site; a restriction was placed on its
pI (3–10) and a protein mass range from 10 to 100 kDa was
accepted. Positive identifications were accepted when at
least five matching peptides massed, and at least 20% of the
peptide coverage of the theoretical sequences matched
within a mass accuracy of 50 or 25 ppm with internal cali-
bration. Peptides were excluded if their masses corre-
sponded to those for trypsin, human keratins or other
irrelevant proteins.
3 Results
3.1 Macrophages – C. albicans interaction
HI C. albicans SC5314 cells, previously stained with Oregon
green, were allowed to interact with RAW 264.7 cells for
45min. Then, the cells were fixed and yeasts outside the
macrophages were stained with calcofluor white. The
percentage of yeasts inside macrophages (yeasts only stained
with Oregon green) was determined by counting at least 25
fields of vision per sample. After 45min of interaction,
the percentage of HI C. albicans cells phagocytosed by
macrophages was about 41% (data not shown), while for
viable C. albicans cells it was 32% [14].
RAW 264.7 cells exposed either to live or HI C. albicans cells
for 45min were stained to visualize a-tubulin and F-actin. As
can be observed in Fig. 1, F-actin is polarized at the surface of
the macrophages, engulfing the live C. albicans cells, but this
A B
C D
Figure 1. RAW 264.7 cells after 45min of interaction with HI
(A and C) and live C. albicans SC5314 cells (B and D). (A and B)
Phase contrast micrographs, magnification  66. (C and D)
Immunofluorescence microscopy of the same field. Macrophage
microtubules appear in green, actin filaments in red and nuclei in
blue.
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was not observed around the engulfed ones. In the case of the
HI cells, the F-actin was polarized at the surface and around the
engulfed cells.
3.2 Study of the macrophage differential protein
expression upon interaction with HI C. albicans
The protein extracts from RAW 264.7 cells and RAW 264.7
cells1HI C. albicans SC5314 were subjected to a compara-
tive analysis using ImageMaster 2D-Platinum computer
software (Fig. 2). Cytoplasmic extracts were prepared in
triplicate and three different 2-D gels from each single
preparation were analyzed. After automated spot detection,
spots were manually checked to eliminate any possible
artifacts such as background noise or streaks. The patterns of
each sample were overlapped and matched, using the selection
of 30 common spots present in both images as landmarks, to
detect potential differential or identify specific proteins. Spot
normalization, as a kind of internal calibration that makes the
Figure 2. 2-DE gels of cyto-
plasmic extracts from RAW
264.7 after 45min of interaction
with HI C. albicans SC5314 and
control RAW 264.7 cells. Only
gel areas where differences
were found are shown.
Numbers indicate the proteins
identified and are shown in
Table 1.
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data independent of experimental variations between gels, was
carried out by using a relative volume (%Vol) to quantify and
compare the gel spots; relative volume corresponding to the
volume of each spot divided by the total volume of all the spots
in the gel. Reproducibility of the gels in each condition was
confirmed by statistical analysis (Supporting Information). The
analysis was done on a representative number of spots from
each condition, for which median and standard deviation of the
relative volume (%Vol) have been calculated. The normalized
volume of each protein spot in one sample was compared with
its counterpart in another sample to determine whether the
ratio indicated a statistically significant difference occurring
during the macrophages–HI C. albicans interaction. Protein
spots from the macrophages1C. albicans samples with a ratio
greater than11.3 or lower than 1.3 were considered to be up-
or down-regulated, respectively, in comparison with control
macrophages (Table 1). Nineteen protein spots were up-regu-
lated, whereas 37 were down-regulated. Interestingly, over 100
spots appeared and 70 disappeared after this interaction. The
condition of appearing or disappearing indicates a variation in
the spot intensity, which was greater than the sensitivity level of
the SYPRO Ruby staining.
We have identified 24 of these differentially expressed
proteins by MS or by MS/MS using a MALDI-TOF/TOF
work station. These proteins are indicated in Table 1 toge-
ther with their corresponding ratio of increase or decrease.
3.3 TNF-a measurement
RAW 264.7 cells were allowed to interact with live or HI
C. albicans SC5314 cells for 45min and 3 h. Then, TNF-a
released by macrophages was measured in the supernatants.
The macrophages without interaction were used as the
control group.
The amount of TNF-a released by macrophages inter-
acting with viable cells was greater than the control,
increasing throughout the incubation time (Fig. 3). On the
contrary, the interaction with HI cells induced levels of
TNF-a similar to or even lower than the control.
The cytokine levels were also measured upon interaction
with C. albicans cells inactivated either with formaldehyde or
by heating at 1001C for 10min, showing similar levels to the
case of live cells.
3.4 ERK activation measurement
Figure 4 shows the relative intensity levels of phospho-
ERK1/2 with respect to ERK1/2 from RAW 264.7 cells after
the interaction with live or HI C. albicans SC5314 cells for
45min and 3 h. The macrophages without interaction were
used as the control group. As can be observed, the relative
intensity of the bands is similar for the three conditions:
control macrophages, exposed to either live or HI cells at
45min of interaction. But, when the interaction time was
increased to 3 h, C. albicans live cells induced higher levels
of phosphorylation, in line with TNF-a levels. Western blot
experiments were performed with four different biological
replicates.
4 Discussion
RAW 264.7 cells were allowed to interact with HI C. albicans
SC5314 cells for 45min. At this interaction time, 41%
of the cells had been internalized by macrophages (Fig. 1A
and C). As can be observed, there is a mixture of stimuli:
cells inside and outside macrophages, as in the case of live
cells (32% of phagocytosis) (Fig. 1B and D) [14]. When the
differential protein expression of macrophages interacting
with HI cells was analyzed, a large number of spots (Fig. 2)
varied in intensity. The proteins identified (Table 1) are
involved in cytoskeletal organization, signal transduction,
metabolism, protein biosynthesis, stress response and
protein fate. Some of the differences in protein expression
were common to those detected during interaction with C.
albicans live cells [14] and others were exclusive to each
condition. Several of the proteins identified have been
described by other authors as being involved in processes
such as inflammation, morphogenesis, oxidative burst,
Figure 3. TNF-a levels secreted by RAW 264.7 cells upon inter-
action for 45min and for 3 h with live or inactivated C. albicans
SC5314 cells with respect to control RAW 264.7 cells. Bars show
the means7SD of TNF-a levels from four biological replicates
and three different measurements. Statistically significant
differences (po0.05) are marked with an asterisk. HI: C. albicans
cells inactivated at 651C for 2h; FA: C. albicans cells inactivated
with 3.7% formaldehyde for 30min on ice; 1001C: C. albicans
cells inactivated at 1001C for 10min.
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apoptosis and metabolism. In Table 2 we have summarized
the proteins from macrophages that showed differential
expression either with live or HI cells, classifying them
according both to the already published effects of these
proteins on mammalian cells and our hypothesis of their
possible effect during their interaction with the C. albicans.
4.1 Inflammatory response
Mammalian cells respond to different types of stresses such
as chemical, environmental and physiological, with the
synthesis of HSPs [23, 24]. Several research groups [25–31]
have shown that HS response inhibits the expression of
iNOS, COX-2 and TNF-a through inhibition of IkB/NFkB
degradation: it inhibits IL-12 production and increases the
secretion of IL-10 by peritoneal macrophages, suggesting
that not only does it inhibit pro-inflammatory genes, but it
also promotes anti-inflammatory ones [32]. In our experi-
mental model, Erp29 and Hspa9a showed increased
expression with HI C. albicans cells, while Hspa9a and
Hspd1 decreased with live C. albicans cells. This differential
expression might point to an anti-inflammatory response
upon interaction with HI cells while it may indicate a pro-
inflammatory one with live cells. Only one HSP increased in
response to live C. albicans cells, Grp78 (Hspa5) [14], whose
expression is suppressed when attenuating the myocardial
oxidative stress and inflammatory process [33], thus, its
increased expression in response to live yeasts could be part
of the candidacidal response of macrophages.
Other proteins besides the HSPs whose increase might
contribute to the anti-inflammatory effect are AnnexinI
(LCP) (both), Ran GTPase and P4hb (HI only). Ran is a
GTPase involved in the response to LPS [34], and, subse-
quently, in the production of inflammatory cytokines. A
high level of over expression of Ran in both macrophages
and B cells down-regulates LPS signal transduction [35].
P4hb functions as a protein disulfide isomerase (PDI) [36],
in the same way as Erp29 [37]. The transcriptional activity of
NF-kB is negatively regulated by PDI (Table 2).
Proteins whose decrease during the interaction with HI
cells might be contributing to the anti-inflammatory effect
are Psma1p, a proteasome protein, and Clic1p, which
exhibits both nuclear and plasma membrane chloride
channel activity in a human myelomonocytic cell line
(U937) [38]. In both cases, its decreased expression has
induced anti-inflammatory response (Table 2).
On analyzing the proteins involved in metabolism, the
differences seem to point to higher metabolic activity
against HI cells, while this was not induced against live
C. albicans cells (Table 2). This subject requires further
investigation concerning the macrophage requirements
under the phagocytic process.
Studies on macrophages polarization to the classical or
the alternative activation have revealed that the alternative
phenotype is accompanied by an up-regulation of genes
related to lipid metabolism, specially those involved in fatty
acid uptake and oxidation, whose increase is associated with
an enhanced supply and use of fatty acids for energy
homeostasis by alternatively activated macrophages
(reviewed in [39]). Vats et al. [40] have revealed an induction
of metabolic pathways for fatty acid uptake and oxidation,
and this oxidative metabolism attenuates macrophage-
mediated inflammation.
As can be deduced, many of the RAW 264.7 proteins that
varied their expression when interacting with HI C. albicans
cells have a possible anti-inflammatory effect, and a mixture
of effects was observed upon interaction with live cells. To
verify if our hypothesis based on the variations in protein
levels was actually taking place, the levels of TNF-a were
measured after 45min and 3h of interaction with live or HI
C. albicans cells. TNF-a levels increased in the presence of
C. albicans live cells while in the presence of HI cells this was
not observed (Fig. 3). Thus, the variations in protein
expression detected in RAW 264.7 induced, at 45min of
incubation, an overall pro-inflammatory response with live
cells and a general anti-inflammatory response with HI
Candida cells. The inflammatory effect induced by live
C. albicans cells can be a virulence factor, which is responsible
A
B
Figure 4. ERK1/2 phosphorylation in RAW 264.7 macrophages
upon interaction for 45min and for 3 h with live or HI C. albicans
SC5314 cells with respect to control macrophages. (A) Bars show
the means7SD of the relative fluorescence intensity levels from
the phosphorylated band with respect to the non-phosphory-
lated ones from four different biological replicates. Statistically
significant differences (po0.05) are marked with an asterisk.
(B) Representative Western blotting of the phosphorylated ERK1/
2 bands and the corresponding non-phosphorylated ones at the
different conditions assayed.
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P38647 1.59 11.70 Is one of the HSPs that decrease in
cells from gastric mucose during
Helicobacter pylori infection. Its
restoration (together with Hsp70
and others) decreases the
inflammatory reaction and inhibits
iNOS expression [30]
Decrease with live (pro-
inflammatory) and increase





P19226 1.64 1 It has been described as an essential
protein in macrophage protection
against Plasmodium yoelii [51] and
Toxoplasma gondii [52] infections.
Its decrease has also been described
in a proteomic study of ulcerative
colitis (a chronic inflammatory
disorder) [53]






P20029  1 Its expression is suppressed by CeO2
nanoparticles when attenuating the




P10107   Target for glucocorticoid anti-
inflammatory drugs, inhibiting the
effect of enzymes like iNOS







P62827 11.54  High level of over expression of Ran in







P09103 1  Over expression of PDI in RAW 264.7
cells strongly suppressed the LPS-
induced production of inflammatory
cytokines as well as NF-kB





Q9Z1Q5 1 1.59 Its inactivation inhibits the production
of proinflammatory (TNF-a) and
neurotoxic products elaborated by
Ab-stimulated microglial cells [59]





Q9R1P4 1 1.30 Inhibition of the proteasome in LPS
treated macrophages results in a
completely blocked LPS-induced
expression of multiple
inflammatory mediator genes [60]





Q9DOK2 1 11.62 Increases in the fatty acids
metabolism attenuate macro-
phage-mediated inflammation [40]
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P21107   Binds to actin filaments and prevents
them from being depolymerized or
severed by cofilin [61, 62]




Q99LB4 1 11.59 Barbed-end actin capping protein [63,
64]. Regulation of phagocytosis,
ruffling, vesicle rocketing and cell
motility, reducing its deletion by
50% the phagocytic capacity of
macrophages [65]
Decrease in actin filament
staining in the centre of the
cells but not in the cell
periphery (Fig. 1C and D)
High-level transient overexpression in
NIH3T3 cells [66] decreased actin
filament staining in the center of the
cells but not in the cell periphery
b-Actin (Actb) P60710 1 11.52 Increases in RAW 264.7 cells infected
with Mycobacterium avium subsp.
paratuberculosis [67]
Increase during the interaction







P42932 1  One of the eight subunits of the
eukaryotic type II chaperonin
containing TCP-1 (CCT), which has
been involved in the production of
native tubulins and actins [68].
Necessary for the response against
arsenite [69]
Increase in native actin and
tubulin in response to HI cells








Q61599   Rho GDP dissociation inhibitor
preferentially expressed in
hematopoietic cells [71]. Targeted
disruption of Ly-GDI has rendered
macrophages able to phagocytose
yeasts but with a consistent reduction
in their capacity to generate
superoxide [72]
Increase of oxidative response
with live [14] and HI cells
Ferritin light
chain 1 (Ftl1)
P29391 1 1.62 Ferritin light (19 kDa, L) chain, forming
a hollow shell with heavy chain in
which iron ions can be sequestered
in a non-toxic form, thus preventing
the formation of highly toxic ROS
[73]. Induced in response to several
stresses in macrophages (arsenite,
heat stress) and in response to
Prostaglandin A [74] together with




L-Plastin (Lcp1) Q61233 11.62 1 Cytoskeletal protein signalling to
NADPH oxidase [70]
Increase of oxidative response
with live cells [14]
Vimentin,
fragment (Vim)
P48670 1 2.10 Silencing of vimentin gene expression
markedly suppressed the ability of
BM2 cells to form macrophage
polykaryons active in phagocytosis
and producing ROS[75]




O88844 1  Supplies NADPH required for GSH
production against cellular
oxidative damage. Its increase
Protection from oxidative
response with HI cells
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for the tissular damage that this yeast produces in animals
with disseminated infection. Mutant C. albicans strains that
induce a reduced inflammatory damage are less virulent [41],
and it is well known that many microorganisms cause
disease mainly due to the inflammatory response that they
induce in the host.
Other authors, on the contrary, observed higher levels of
TNF-a secretion when macrophages (BMDM from C57-B
mice) were treated with HI C. albicans cells with respect to
live cells [12]. The differences between both results are
probably due to several facts, such as the temperature of
inactivation of yeast cells (boiling versus 651C) a fact that
might result in a more intensive exposure of b-glucans, as
also suggested by other authors [12]. In fact, S. cerevisiae
mutants displaying more b-glucans than other strains in
their cell surface increase the levels of TNF-a secretion in
murine macrophages [42]. Thus, we have inactivated
C. albicans cells at 1001C and with formaldehyde and we
have measured TNF-a levels in the same conditions,
showing that these protocols induced higher TNF-a levels
(Fig. 3). On the other hand, experiments from another
group [43] detected an increase in TNF-a production by
murine macrophages infected either with live or inactivated
C. albicans cells, independently of the method used to
inactivate them (heat killed, formalin fixed, etc.). Thus, the
conditions of the experiment and the cell line used to
measure this cytokine must be influencing the results of the
experiment to a great extent.
Various intracellular signalling pathways are involved in











Described effects Hypothetic effect during the
interaction with C. albicans
enhanced resistance against UVB-






P63101  1.6 Critical antiapoptotic factor by
inhibiting p38 MAPK activation in







P20029  1 Protection from apoptosis [79]
Elongation factor
2 (Eef-2)
P58252 /11.52/1.54  Blocks HIV-1 protein R-induced cell
death both in fission yeast and
human cells, suggesting that EF2





P52480 1  Human homologue induces apoptosis
upon nuclear translocation [50]





P17751 1 11.74 Superexpressed in senescence [81]
and hypoxia[82]
a-Enolase (Eno1) P17182 1 11.63 Superexpressed in hypoxia [83] and in
cancer cell lines [84]
Supply of the macrophages
metabolic requirements




P52480 1  Human homologue shows increased





Q9DOK2 1 11.62 Catalyzes the conversion of succinyl-
CoA to succinate
a) Protein name and accession number according to Human PSD and GPCR-PD human, mouse and rat database (Mouse Protein Report
with PSD Interactions) of Proteome Bioknowledge Library (https://www.proteome.com/control/tools/proteome).
b) 1, proteins that do not vary their expression level; 1, proteins that augment; , proteins that diminish and  proteins that appear after
the interaction.
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cytokine expression. Activation of mitogen-activated protein
kinase has been demonstrated to be important in the
regulation of iNOS and COX-2 expression through control
of the activation of NF-kB [44, 45]. As shown in Fig. 4,
ERK1/2 phosphorylation levels were similar after 45min of
interaction either with HI and live cells, but, at longer times
of incubation (3 h), the levels of phosphorylation were much
higher with live cells, thus indicating that the pro-inflam-
matory signals prevailed over the anti-inflammatory ones.
The profile of phosphorylation of ERK1/2 throughout the
experiment agrees with the profiles obtained when anti-
inflammatory drugs are assayed for this effect [46].
4.2 Other effects
It is not surprising that many differentially expressed
proteins were involved in cytoskeletal modifications. The
ones identified increased when macrophages were exposed
either to live or HI cells and they have been analyzed in the
previous work [14]. In summary, the proteins increased in
response to both stimuli are enhancing the formation of
actin filaments. Some of the proteins related to morpho-
genesis are also involved in signal transduction in processes
such as oxidative burst. This is the case of L-plastin, Ly-GDI
and vimentin. On the other hand, unrelated to the cytos-
keleton, but involved in the response to oxidative stress, is
the reduction observed in Ftl1p (ferritin light chain), which
is shown in macrophages exposed to HI cells. As can be
observed in Table 2, there is a mixture of enhancing and
controlling effects against both kinds of stimuli that requires
further investigation to elucidate which effect actually takes
place.
HSPs play several roles in cell and tissue physiology.
They protect the proteome through their molecular function
as chaperones. They may, also, play a more generic
role in cell survival and have been involved as inhibitors
of a remarkable number of steps in apoptosis (reviewed in
[47]). As described by other authors, C. albicans does
not induce apoptosis in RAW264.7 [48, 49]. Our proteomic
results seem to reinforce this observation (Table 2), except
for Pkm2, whose human homologue has been related
to induction of apoptosis when translocated into the
nucleus [50].
In conclusion, our experiments with the RAW 264.7
murine cell line reveal a different proteomic response from
macrophages depending on the C. albicans status. Some of
the effects induced by both stimuli are common, such is the
case in cytoskeletal rearrangement and in the anti-apoptotic
response, but others are very different, namely in the
response to stress and in the inflammatory response. These
results point to an important role of inflammation in the
progress of disease. Further proteomic experiments with
longer interaction times (3 h) will be performed in an
in-depth study of the interaction of macrophages with
C. albicans.
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